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ABSTRACT 
 
 
Daniel Curtis Herman 
The Effects of Strength Training on the Neuromuscular Characteristics  
of a Stop-Jump Task in Female Recreational Athletes 
(Under the direction of Dr. Darin A. Padua and Dr. Bing Yu) 
 
Objective: To examine the effects of strength training on lower extremity joint kinematics, 
kinetics, and muscle activation. Design and Settings: A randomized controlled experimental 
design was employed. Subjects performed 5 stop-jump tasks and 3-maximum voluntary 
isometric contraction (MVIC) tasks before and after completing either a 9-week lower 
extremity strength training program (intervention) or 9-weeks of abstinence from strength 
training (control). Subjects: A total of 66 females who were healthy, recreational athletes 
were randomly assigned to either the intervention (n=33, age=22.5±2.3 yrs, ht=1.67±.07 m, 
wt=63.5±9.2 kg) or control (n=33, age=22.5±3.8 yrs, ht=1.67±.06 m, wt=61.1±8.35 kg) 
group.  Measurements: Three-dimensional videography, force plates, and telemetry EMG 
were used to record kinematic, kinetic, and muscle activation data during the stop-jump task.  
A hand-held dynamometer was used to collect the MVIC strength data.  Dependent variables 
included knee anterior shear force (K-ASF); knee flexion, hip flexion, and knee valgus joint 
angles at K-ASF; knee extension, hip flexion, knee valgus, and hip abduction moments at K-
ASF, and preparatory (200msec prior to footstrike) and landing phase EMG amplitudes of 
the vastus lateralis, vastus medialis, rectus femoris, biceps femoris, medial hamstrings,
 ii
gluteus medius, and gluteus maximus. MVIC strength for quadriceps, hamstrings, gluteus 
medius, and gluteus maximus were also assessed. Statistical analyses were performed using a 
2 [group] X 2 [time] repeated-measures ANOVA (α<.05).  Post-hoc t-tests were performed 
to investigate significant interactions. Results: The intervention group increased in MVIC 
strength subsequent to the strength training protocol (p<.001 for all muscles). However, 
intervention group EMG amplitudes decreased in the vastus lateralis (p=.002), vastus 
medialis (p=.001), and rectus femoris (p=.004) during the preparatory phase and in the vastus 
lateralis (p=.008) during the landing phase.  No significant differences were observed in 
subject kinetics or kinematics. Conclusions: The results indicate that a 9-week single-
modality intervention program based on strength training is not sufficient to alter 
neuromuscular characteristics in female recreational athletes. Subject muscular strength 
increased significantly, but subjects may be compensating by decreasing muscle activation 
thereby maintaining similar motion kinetics and kinematics. Further research is needed to 
investigate the effects of strength training in different populations and in combination with 
other intervention modalities.
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CHAPTER I 
INTRODUCTION 
 
The overall purpose of this research project is to identify the role of strength training 
as a specific aspect of anterior cruciate ligament injury prevention protocols in altering 
neuromuscular characteristics during an athletic task. 
The incident rate of anterior cruciate ligament (ACL) injury is estimated to be 1 in 
3000 people per year in the general population. An estimated 70% of ACL injuries are 
sports-related; furthermore, it is well-established that females have an elevated risk of ACL 
injury during sports activities compared to males. This gender bias is most likely explained 
by differences in lower extremity neuromuscular characteristics.  Previous research has 
shown that females exhibit altered neuromuscular characteristics at the knee and adjacent 
joints compared to males.  
Neuromuscular characteristics have previously been shown to be modifiable 
biomechanical targets and are thus promising targets for injury prevention protocols. ACL 
injury prevention programs employing various combinations of training modalities have 
previously shown positive ACL injury prevention effects; however, little is known about the 
relative contributions of these different training modalities to ACL injury prevention. 
Furthermore, little is known about how these programs alter the neuromuscular 
characteristics associated with ACL injury.
 
 This dissertation project will attempt to determine the effects of a strength training 
program on the neuromuscular characteristics in female subjects during the landing phase of 
the stop-jump athletic task. The study employed a mixed model repeated measures analysis 
of variance design.  Baseline data was collected on 60 female recreational athletes as they 
completed a stop-jump athletic task. Collected data included modifiable factors such as joint 
kinematics, joint kinetics, electromyography (EMG) muscle activation, and muscle strength.  
A randomized set of 30 subjects then underwent a 9-week strength training program 
exclusively focused on strengthening the quadriceps, hamstrings, gluteus medius, and gluteus 
maximus, while the remaining 30 subjects served as controls.  All subjects were then 
reassessed after the 9-week period.  
 The increasing levels of physical activity among the female population are exposing 
more female athletics to a relatively high risk of ACL injury. It is important to gain an 
understanding of how different training modalities affect neuromuscular characteristics and 
to define which modalities are necessary or sufficient for ACL injury prevention protocols 
for different populations. Ultimately, this line of research will help to provide clinicians with 
a foundation on which to design effective ACL injury prevention protocols. 
 
1.1 Specific Aim 
 
The specific aim of this project is to compare the effects of a strength training 
program on lower extremity neuromuscular characteristics during the landing phase of a 
stop-jump task between strength trained female recreational athletes and female recreational 
athlete control subjects.   
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1.2 Background and Rationale 
 
It is estimated that ACL ruptures have an incidence of 1 in 3000 people per year in 
the general population in the United States[1].  Patients who suffer ACL injuries have a poor 
prognosis. In addition to the high levels of short-term disability and removal from sports and 
recreational activities, ACL injury also greatly increases the likelihood of the development of 
long-term sequelae.  These disorders include knee instability, injury to secondary connective 
tissue structures such as the meniscus, chondral surface defects, and osteoarthritis[2-6]. 
Post-ACL injury interventions also represent an increasing significant economic 
burden. Surgical repairs for ACL injury in the United States are estimated to be 175,000 per 
year and carry an estimated total cost of over $2.5 billion dollars[7, 8]. The incidence, cost, 
and long-term disability associated with ACL injury make it a significant health care 
concern; thus, it is of great importance to develop an effective evidence-based ACL injury 
prevention program in order to ameliorate this health care problem. 
Approximately 70% of ACL injuries occur in sporting activities[9, 10]. As many as 
80% of ACL injuries are non-contact in nature, with a large majority occurring during the 
landing phases of stop-jump tasks[11-13]. Studies have repeatedly established that females 
have a higher rate of non-contact ACL injury than do males, particularly in jumping/cutting 
sports such as basketball, soccer, volleyball, and team handball[8, 14-20].   
 Neuromuscular factors are believed to be the most compelling factors to account for 
the gender bias in non-contact ACL injury rates.  It has previously been demonstrated that 
female athletes tend to have a smaller knee flexion angle, greater knee valgus angle, greater 
quadriceps muscle activation, and lower hamstring activation in comparison to male athletes 
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during selected athletic maneuvers such as cutting and stop-jump tasks[21-24].  Other studies 
have demonstrated that female recreational athletes have greater peak proximal tibia anterior 
shear force, greater peak knee extension moment, and greater peak knee varus moment 
during landing in stop-jump tasks in comparison to male recreational athletes[25].  A recent 
study has shown increased valgus angles and valgus moments to be predictors of ACL injury 
at 73% specificity and 78% sensitivity[26]. Biomechanical studies have also shown an 
increased ACL strain for females in these altered kinematic and kinetic states: ACL strain 
increased when cadaver knees were loaded using the knee kinematic and kinetic data 
obtained from women during a stop-jump task in comparison to that of data obtained from 
men during the same task[27]. 
Previous research indicates that neuromuscular characteristics can be altered via 
appropriate interventions. Hewett et. al. demonstrated that vertical ground reaction forces and 
knee valgus moments were decreased in females following training using a combined 
plyometric and strength training protocol[28].  Technique training has previously been shown 
to be able to modify ground reaction forces when landing from a jump[29-32]. Paterno et. al. 
utilized a training protocol combining balance, plyometric, and strength training to improve 
total and anterior/posterior single limb balance[33]. 
While there are indications that neuromuscular characteristics are modifiable and may 
be able to produce positive protective effects, the research is often hampered by the 
investigation of a very limited set of biomechanical factors or has a complete focus on 
outcome measures without regard to how neuromuscular characteristics may have been 
altered by the intervention. Additionally, these studies have been limited by a lack of 
specificity of these changes as to the individual modalities included in the intervention 
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training protocols. Several such studies utilize approaches combining different training 
modalities, such as plyometric, strength, proprioceptive, and technique training. Finally, the 
intervention studies that have been conducted thus far have produced varied results. Caraffa 
et. al. demonstrated a reduction in ACL injuries in male soccer players using a proprioception 
and balance training program[34]; however, this study suffers from the lack of a randomized 
design. Subsequent studies using similar interventions either showed no statistically 
significant effect or population-dependent decreases in ACL incidence[35, 36].  Furthermore, 
many studies are hampered by low numbers of athletes and hours of exposure. The varied 
results of these studies appear to underscore the need to gain an understanding of specifically 
how neuromuscular characteristics are modified rather than focusing strictly on outcome. In 
doing so, it will also be important to focus on a single modality of ACL injury prevention 
protocols in order to be able to account for the genesis of neuromuscular alterations from 
training.  
It has been previously established that females have significantly less muscle strength 
compared with males[37-43]. Muscle strength is thought to play an intrinsic role in 
neuromuscular characteristics relevant to ACL injury.  For example, increased quadriceps to 
hamstrings strength ratios would act to increase anterior shear forces as reduced hamstrings 
strength may not allow for an effective counter-force to the quadriceps[44, 45].  Reduced 
strength in the hip musculature may allow for femoral internal rotation and adduction, thus 
also allowing the knee to move into positions of excessive valgus/varus and internal 
rotations. Thus, strength training programs that are able to modify joint kinetics and 
kinematics during functional tasks may be effective in reducing the risk of ACL injury.  As 
such, proper muscle strength may be a key determinant for what neuromuscular 
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characteristics are employed during high-demand athletic tasks, thus greatly influencing the 
risk of ACL injury.  
Strength training has been an area of intense study over the past few decades; 
however, most studies have focused on the question of how to best improve strength in 
relation to athletic performance rather than in relation to injury prevention or alteration of 
neuromuscular characteristics associated with ACL injury. The strength research related to 
injury prevention that does exist suffers from a lack of specificity regarding the training 
program itself and the injuries the investigators sought to address.  Furthermore, these studies 
have not investigated the effects of strength training on subject kinetics or kinematics during 
athletic tasks.  
To summarize, there is a distinct paucity of available data on the relative 
contributions of specific individual ACL injury training modalities, of the influence of ACL 
injury prevention protocols on specific neuromuscular characteristics, and on the influence of 
strength training on neuromuscular characteristics. Due to the incidence, cost, and long-term 
disability associated with ACL injury, it is important to understand the relative contribution 
and importance of the training modalities included in injury prevention protocols in order to 
provide clinicians with an evidentiary foundation on which to design effective ACL injury 
prevention protocols.  
 
1.3 Statement of the Problem 
 
This study used female recreational athletes to assess the effects of a strength training 
program on lower extremity neuromuscular characteristics which have previously been 
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shown to be altered in females compared to males.  Successful ACL injury prevention 
programs have employed various combinations of modalities such as plyometrics, balance, 
technique, agility, and strength training; however, little is known about the relative 
contributions of these different training modalities to ACL injury prevention. Furthermore, 
little is known about how these modalities alter the neuromuscular characteristics associated 
with ACL injury.  
Strength training is a modality that has been employed in several of the ACL injury 
prevention programs that have been studied to date.  Furthermore, studies investigating the 
effects of pre-season conditioning on injury rates and the effects of fatigue and increased 
body mass index on the neuromuscular characteristics of athletes suggest that strength may 
be an important parameter for injury risk. This concept is supported by studies which have 
shown altered neuromuscular characteristics during pubescence in female athletes which 
coincides with decreased relative strength and increased ACL injury risk.  Thus, the impetus 
of this study was to identify the contribution of strength training as a single modality for 
ACL injury prevention. 
 
1.4 Research Questions 
 
Research Hypothesis 1): Compared to the female controls, the strength trained female 
subjects will demonstrate decreased vertical ground reaction force, anterior tibial shear force, 
knee valgus moment, knee extension moment, hip adduction moment, and hip internal 
rotation moment during the landing phase of a stop-jump task. 
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Research Hypothesis 2): Compared to the female controls, the strength trained female 
subjects will demonstrate increased knee flexion angle and hip flexion angle, as well as 
decreased knee valgus angle, during the landing phase of a stop-jump task. 
 
Research Hypothesis 3): Compared to the female controls, the strength trained female 
subjects will demonstrate a decreased quadriceps:hamstrings electromyography (EMG) ratio 
and an increased muscle activation amplitude of the gluteus maximus, gluteus medius, vastus 
lateralis, rectus femoris, biceps femoris and semitendinous/semimembranosus (medial 
hamstring) during the preparatory phase and landing phase of a stop-jump task. 
 
1.5 Definitions 
 
1.5.1 General Definitions 
Stop-Jump Task: This task consists of an approach run of four steps at maximal effort, a one-
footed takeoff into a two-footed landing onto a set of force plates, followed by a two-footed 
vertical takeoff for the maximum height (See Figure 1: The Stop Jump Task). 
 
Foot strike: First trial frame during which the ground reaction force exceeds 5% of the 
subject’s recorded body weight. 
 
Toe off: First trial frame after foot strike which the ground reaction force drops below 5% of 
the subject’s recorded body weight. 
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Stance Phase: Defined as the period between foot strike on the force plates and toe off the 
force plates. 
 
Landing Phase: The landing phase is approximately the first 20% the entire stance phase 
from foot strike to the first local minimum of the ground reaction force. It is characterized 
with a maximum vertical ground reaction force due to the impact at foot strike (See 
Appendix A). 
 
1.5.2 Kinematic Definitions 
Knee Flexion Angle: Joint angle formed by the femur and tibia in the sagittal plane, sampled 
at the point of peak anterior tibial shear force. 
 
Knee Valgus/Varus Angle: Joint angle formed by the femur and tibia in the frontal plane, 
sampled at the point of peak anterior tibial shear force. 
 
Hip Flexion Angle: Angle formed by the trunk segment and the femur in the sagittal plane 
and sampled at the point of peak anterior tibial shear force. 
 
1.5.3 Kinetic Definitions 
Vertical Ground Reaction Force: Vertical force component at the force plates as determined 
by the global reference frame and sampled at the point of peak anterior tibial shear force. 
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Knee Anterior Tibial Shear Force: Anterior force component at the proximal end of the tibia 
as determined by the local reference frame and sampled at the first local maximum during the 
landing phase. 
 
Knee Extension Moment: Moment applied at the knee about the medial/lateral axis as 
determined by the local reference frame and sampled at the point of peak anterior tibial shear 
force. 
 
Knee Valgus Moment: Moment applied at the knee about the anterior/posterior axis as 
determined by the local reference frame and sampled at the point of peak anterior tibial shear 
force. 
 
Hip Adduction Moment: Moment applied at the hip about the anterior/posterior axis as 
determined by the local reference frame and sampled at the point of peak anterior tibial shear 
force. 
 
Hip Internal Rotation Moment: Moment applied at the hip about the superior/inferior axis as 
determined by the local reference frame and sampled at the point of peak anterior tibial shear 
force. 
 
1.5.4 Muscle Electromyography Definitions 
Maximum Voluntary Isometric Contraction (MVIC) EMG Amplitude: Average voltage 
signal of the middle two seconds of a three-second recorded trial for an individual muscle 
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during an isometric contraction (i.e. a fixed position without limb excursion) at the subject’s 
maximal effort. 
 
Preparatory Phase EMG Amplitude: Average voltage signal for a given muscle during the the 
stop-jump task over the 200 milliseconds prior to foot strike. 
 
Landing Phase EMG Amplitude: Average voltage signal for a given muscle during the stop-
jump task time period of the landing phase. 
 
Quadriceps:Hamstrings Ratio: The sum of the mean EMG amplitudes of the vastus lateralis, 
vastus medialis, and rectus femoris divided by the sum of the mean EMG amplitudes of the 
biceps femoris and medial hamstrings. 
 
1.5.5 Muscle Strength Definitions 
Quadriceps Strength: Average peak force of the quadriceps recorded from the three three-
second maximum isometric contraction trials employing a handheld dynamometer. Subject is 
placed in a seated position with their test leg in 90° of knee flexion. The dynamometer is 
placed over the anterior aspect of the subject’s shank, just proximal to the ankle joint. The 
subject is instructed to extend their knee with maximal effort.  The average force is 
normalized to the subject’s body weight. 
 
Hamstrings Strength: Average peak force of the hamstrings recorded from the three three-
second maximum isometric contraction trials employing a handheld dynamometer. Subject is 
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placed in a seated position with their with their test leg in 90° of knee flexion. The 
dynamometer is placed over the posterior aspect of the subject’s shank, just proximal to the 
ankle joint. The subject is instructed to flex their knee with maximal effort.  The average 
force is normalized to the subject’s body weight. 
 
Gluteus Maximus Strength: Average peak force of the gluteus maximus recorded from the 
three three-second maximum isometric contraction trials employing a handheld 
dynamometer. Subject is placed in a position the trunk flexed at the waist to 90° of flexion 
and with their test leg in 90° of knee flexion. The dynamometer is placed over the posterior 
aspect of the subject’s thigh, just proximal to the knee joint line. The subject is instructed to 
extend their hip with maximal effort while keeping their knee in the flexed position.  The 
average force is normalized to the subject’s body weight. 
 
Gluteus Medius Strength: Average peak force of the gluteus medius recorded from the three 
three-second maximum isometric contraction trials employing a handheld dynamometer. 
Subject is placed in a lateral decubitus position with their test leg in neutral hip extension and 
aligned parallel with their torso. The dynamometer is placed over the lateral aspect of the 
subject’s thigh, just proximal to the knee. The subject is instructed to abduct their hip with 
maximal effort.  The average force is normalized to the subject’s body weight. 
 
1.6 Assumptions 
 
The following are assumptions that have been made in the study: 
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 1) Subjects will truthfully report their injury history, level of participation in sports, and other 
parameters necessary for inclusion into the study. 
 
2) Subjects will refrain from strength training outside of the strength training sessions and 
will not begin participation in a new sporting activity during the study as instructed. 
 
3) The gender differences observed in studies in the literature employing similar athletic 
tasks provide an adequate measure for power needed in order to identify differences between 
strength trained subjects and controls. 
 
4) Male neuromuscular characteristics during a stop-jump task constitute the most 
appropriate neuromuscular profile for females. 
 
5) Subjects possess a basic familiarity with the stop-jump task and perform it to the best of 
their ability (i.e. approach at maximal speed and jump for maximal height). 
 
6) There will be no training effects within or between testing sessions. 
 
7) The strength training program developed for the intervention is appropriately designed and 
does not include counter-productive aspects. 
 
8) The dependent variables under study are causative factors of ACL injury. 
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 9) The equipment employed for data collection are accurate and the stop-jump task employed 
effectively mimics the true in-game motion of the subjects during their respective sports. 
 
1.7 Delimitations 
 
The following are delimitations that have been made in the study: 
 
1) The subject population will consist of college-aged (18-30 years) healthy female volunteer 
recreational athletes (See Chapter III: Methods). 
 
2) Subjects which do not fit the subject criteria will be excluded. 
 
3) Only intervention subjects who complete the full 9-week strength training program as 
prescribed and refrain from initiating involvement in new sports activities will be included in 
the final data set. 
 
4) Only control subjects who complete the full 9-week period between data collection 
sessions without strength training or initiating involvement in new sports activities will be 
included in the final data set. 
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1.8 Limitations 
 
The results may be limited to the studied population as strength training may have 
different effects on different age groups and/or levels of sports performance.  This may be 
particularly true for high-performance athletes who may possess greater lower extremity 
strength than the general recreational population, and/or with pubescent athlete who may 
possess relatively larger strength deficits.  Furthermore, the results may be limited to the 
strength training program strategy employed for this study.  The design of the training 
program is specifically focused on the intervention of those neuromuscular characteristics 
that have been identified in the literature and previous studies by the research team as having 
significant contribution to the risk of sustaining non-contact ACL injuries.  However, the 
design may incorporate inappropriate exercises for altering these neuromuscular 
characteristics, or may have benefited by adding or altering particular aspects such as the rate 
of contraction. 
Although neuromuscular characteristics are the most compelling factors explaining 
the gender differences in ACL injury rates, some debate does exist with regard to the relative 
importance of specific variable and planes of motion as they have not been shown to be 
direct causative factors of ACL injury. However, the fundamental logic and large body of 
research underlying the importance of these dependent variables to ACL injury supports the 
use of these variables for the study. It should also be noted that the study results only provide 
a secondary level of evidence as the study is not prospectively assessing the number of ACL 
injuries suffered by the two groups of subjects. 
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Finally, it is noted that the desired alterations in the targeted neuromuscular 
characteristic implies that the male neuromuscular characteristics during a stop-jump task 
constitute the best neuromuscular profile for females during a stop-jump task. This may not 
necessarily be true; however, the fundamental logic of the gender differences between the 
neuromuscular characteristics and how those differences adversely increase ACL loading 
highly suggest that the relative risk of ACL injury in females would decrease if they were to 
adopt male neuromuscular characteristics. 
 
1.9 Significance 
 
Anterior cruciate ligament injuries are currently a significant health care concern. 
Those who suffer this injury have significant time away from their physical activities and 
often are negatively affected by secondary psychological effects. Additionally, these patients 
have a much decreased rate of return to those physical activities, primarily due to loss of 
functional capacity and to long term sequelae such as osteoarthritis. Taken in whole, this 
injury poses a large burden in terms of medical cost, lost time from activities, and potentially 
lost time from employment. Finally, given the continuing increases in physically active (but 
higher ACL injury risk) females, it is important that this health care concern be addressed. 
The current project proposal is an important and fundamental step towards that goal. 
Neuromuscular characteristics have previously been shown to be modifiable biomechanical 
targets and are thus promising targets for injury prevention protocols; however, ACL injury 
prevention protocols employed in studies thus far have generally been neither specific as to 
which factors of the intervention are responsible for any protective effect, nor specific as to 
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how those factors might have altered the subjects’ neuromuscular characteristics in order to 
elicit a protective effect. The current proposal addresses these shortcomings by strictly 
focusing on a single common training modality and by investigating an evidence-based set of 
neuromuscular characteristics. 
The results of this dissertation project will allow for important insights as to how 
different training modalities affect neuromuscular characteristics as well as the mechanisms 
by which they are affected. This new information will be of great importance as scientific 
evidence with which health care professionals may be able to make sound clinical decisions 
regarding their patients.
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CHAPTER II 
LITERATURE REVIEW 
 
2.1: ACL Injury 
 
2.1.1: Non-Contact ACL Rupture is a Common Sports Injury with Significant Long-Term 
Consequences 
It is estimated that ACL ruptures have an incidence of 1 in 3000 people per year in 
the general population in the United States[1]. Approximately 70% of these injuries occur in 
sporting activities[9, 10]. Lindenfeld reported the ACL injury rate in indoor soccer to be 3.5 
injuries per 1000 hours[46], while McCarroll reported an incidence of 3 per 100 athletes[47]. 
As many as 80% of these ACL injuries are non-contact in nature[11-13].  Furthermore, case 
reviews have determined that 70-80% of the non-contact ACL injuries in basketball, team 
handball, and gymnastics occurred during the landing phases of stop-jump tasks[11] or other 
landing tasks which incorporated subsequent maneuvers[48]. 
Patients who forgo surgical interventions have a poor prognosis. In addition to the 
high levels of short-term disability and removal from sports and recreational activities, 
untreated ACL injury also greatly increases the likelihood of the development of long-term 
sequelae.  These disorders include knee instability, injury to secondary connective tissue 
structures such as the meniscus, chondral surface defects, and osteoarthritis[2, 49, 50]. 
Progression to osteoarthritis is particularly common; it has been reported that for male soccer
players who have previously suffered ACL injury, 78% of the affected knees had 
radiographic degenerative changes and 41% had advanced osteoarthritis while only 4% of 
uninjured knees had similar degree of radiographic changes[51]. Other research has shown 
that development to osteoarthritis is strongly correlated with post-injury levels of sports 
activity, particularly for sports with high levels of pivoting requirements. It is therefore not 
surprising that such secondary changes at the knee often significantly affect patients’ activity 
levels over time[3, 4].  Conservatively-treated patients are 50% or less as likely to return to 
moderate or very stressful sports as patients electing surgical reconstruction[3, 5, 6, 52, 53]. 
Additionally, patients treated non-operatively may be up to 7 times as likely to be unable to 
participate in sports compared with surgically-treated patients[54]. 
Patients who elect to undergo surgical interventions for ACL injury also face a poor 
prognosis; only 75% of patients with surgically repaired ACL injuries are able to return to 
their previous activity levels[55]. Noyes et. al. reported that individuals suffering from ACL 
injury suffer moderate to severe disability during walking activities (31%), routine activities 
of daily living (44%), and sport activities (77%)[13, 56]. Patients with ACL injury who elect 
to undergo a surgical intervention are also at risk for osteoarthritis. Although ACL 
reconstruction has been shown to provide for more favorable arthritic outcomes than 
conservatively treated knees, comparisons of ACL reconstructed knees and non-
reconstructed healthy knees have shown a higher incidence of radiographic arthritic changes 
in the ACL reconstructed group[3, 57]. Improving the risk of post-surgical osteoarthritis may 
not be possible via improvements in surgical techniques as this risk does not appear to 
correlate with the degree of post-surgical knee stability[58]. Furthermore, social or 
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psychological hindrances such as fear of re-injury may influence return to sports and may 
also be correlated with a lower level of knee-related quality of life[59, 60]. 
Finally, post-ACL injury interventions represent an increasing significant economic 
burden. Surgical repairs for ACL injury in the United States have increased from 50,000 in 
1982 to an estimated 175,000 per year in 2000[7, 8]. These surgical repairs carry an 
estimated total cost of $2 billion dollars[7]. These patients also engage in up to 36 months of 
rehabilitation at undetermined personal and workplace costs[55]. Although it is difficult to 
estimate the number of conservatively-treated ACL injuries, the estimated total cost of a 
single non-operative course of treatment is greater than $7 thousand dollars due to 
subsequent tears of the meniscus[52]. The incidence, cost, and long-term disability associated 
with ACL injury make it a significant health care concern; thus, it is of great importance to 
develop an effective evidence-based ACL injury prevention program in order to ameliorate 
this health care problem. 
Studies have repeatedly established that females have a higher rate of non-contact 
ACL injury than do males, particularly in the sports of basketball, soccer, volleyball, and 
team handball[8, 14-20, 46].  Among other findings, studies indicate that the risk of ACL 
injuries for female collegiate soccer and basketball players is 3 to 10 times higher than the 
risk of their male counterparts[14, 18, 19]. An estimated 38,000 ACL injuries occur annually 
in female athletics alone, with an estimated annual cost of $646 million dollars[61]. The 
evident gender bias regarding ACL injury underscores the need to develop ACL injury 
prevention programs targeted at the physically active female population. This need becomes 
even more pressing when considering the significantly increasing physically active female 
population as a result of social and institutional (e.g. Title IX) changes[62]. 
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 2.1.2: Summary - ACL Injury 
 To summarize, non-contact ACL injury is a relatively common injury that is 
associated with significant short- and long-term disability, health risks, and economic costs 
regardless of whether or not a surgical intervention is used.  Females suffer non-contact ACL 
injury at much higher rates than males, particularly during the performance of athletic tasks 
featuring cutting and jumping.  The number of annual ACL injuries may still be rising due to 
the increasing numbers of physically active females. 
 
2.2: Non-Contact ACL Injury Risk Factors 
 
2.2.1: Overview of Proposed Risk Factors for ACL Injury 
Possible risk factors for ACL injury have been classified into two main groups: 
intrinsic factors and extrinsic factors. Suggested intrinsic factors are primarily anatomical in 
nature, including a narrow intercondylar notch, a weak or small native ACL, and 
malalignment of the lower extremity, but may also include physiological (i.e. hormonal) 
alterations[14]. Extrinsic factors may include shoe-surface interaction, playing surface, and 
altered neuromuscular control strategies[14, 63]. 
 
2.2.2: The relationship between Proposed Intrinsic Factors and ACL Injury Risk is Unclear 
Studies investigating the impact of various proposed intrinsic factors have proven 
inconclusive. Possession of a narrow intercondylar notch has often been cited, but studies 
have failed to show any evidence that the intercondylar notch width is a significant risk 
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factor[64]. Research studies have shown a significant difference in the cross-sectional area of 
the ACL between men and women suggesting that smaller ACL size might increase ACL 
injury rate among women[65]; however, there is a lack of evidence of an association between 
ACL size and non-contact ACL injury rate. Other studies examining anatomical differences 
between healthy and ACL injured subjects have been unable to determine if such differences 
are the result of ACL injury or are predisposing risk factors for ACL injury[66]. Hormonal 
factors have also been linked to ACL injury risk, but it remains unclear as to the mechanisms 
by which they increase that risk[17, 62, 67-71].  Furthermore, it is of particular significance 
to note that it is unclear as to how any of these possible intrinsic factors might be modified to 
decrease the risk of ACL injury. Thus, in order to develop effective ACL injury prevention 
protocols, research is needed to investigate potentially modifiable ACL injury factors such as 
neuromuscular characteristics. 
 
2.2.3: Altered Lower Extremity Neuromuscular Characteristics are Likely Risk Factors for 
ACL Injury  
 Neuromuscular factors are believed to be the most compelling factors to account for 
the gender bias in non-contact ACL injury rates[72, 73].  A 1999 consensus conference on 
female ACL injuries, sponsored by the National Institute of Arthritis and Musculoskeletal 
and Skin Diseases (NIAMS) division of the National Institutes of Health (NIH), American 
Orthopaedic Society for Sports Medicine (AOSSM), National Athletic Trainers’ Association 
(NATA), National Collegiate Athletic Association (NCAA), and Orthopedic Research and 
Education Foundation (OREF), determined that altered neuromuscular characteristics are the 
most likely risk factors associated with ACL injury[74]. 
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 Studies on cadaver knees have reported that muscle forces about the knee are dependent 
on lower extremity kinematics.  The patellar tendon-tibia shaft angle increases as knee 
flexion angle decreases which results in an increased anterior shear force applied on the tibia 
by the quadriceps muscle[44, 75]. It has been demonstrated that the hamstrings are able to 
generate posteriorly-directed forces sufficient to counter-balance the anteriorly directed 
forces produced by the quadriceps, thus effectively acting as an ACL agonist against anterior 
tibial translation[44, 45]. This counter force provided by the hamstrings increases with 
increasing knee flexion[44]. In other words, as knee flexion decreases, the ACL is resisting 
ever larger muscular forces while receiving decreasing aid from muscular agonists. 
Furthermore, it has been estimated that the shear force applied on the tibia by the patellar 
tendon could be over 2,500 N when the knee is close to full extension[76, 77]; this amount of 
force exceeds the reported ACL rupture load. Other studies have shown that aggressive 
quadriceps loading with the knee in slight flexion produces significant anterior tibial 
translation and ACL injury[45, 78-80]. These results suggest that the force balance between 
the quadriceps and hamstrings is of intrinsic importance, particularly at low levels of knee 
flexion. 
Knee valgus/varus rotations have also been investigated as possible factors in ACL 
injury. Simulated dynamic athletic tasks on cadaver knees have shown increased ACL 
loading with increased valgus/varus angles[81, 82]. Additional studies have reported that a 5-
degree valgus/varus rotation of the knee could increase the tensile force on the ACL by five 
to six times compared with the loads when the angle was zero[83]. Interestingly, this 
increased loading effect is particularly great at reduced levels of knee flexion, thus adding 
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weight to quadriceps-dominant loading and the parameter of knee flexion as potential ACL 
injury risk factors.  
The neuromuscular characteristics of adjacent joints and segments are also thought to 
be significant factors in ACL injury. During closed kinetic chain activities, knee valgus may 
be influenced by hip motion as excessive or uncontrolled hip adduction and internal rotation 
in a closed kinetic chain results in increased knee valgus[81, 84, 85]. Trunk motion may also 
influence lower extremity kinematics and kinetics due its large mass[86]. Increased trunk 
extension during closed kinetic chain activities may result in compensatory increases in knee 
extension in order to minimize the external knee flexion moment.  
Muscle strength is thought to play an intrinsic role in these biomechanical parameters. 
Increased quadriceps:hamstrings strength imbalances would act to increase anterior shear 
forces as reduced hamstrings strength may not allow for an effective counter-force to the 
quadriceps[44, 45, 83]. Reduced quadriceps force may not allow for controlled knee flexion 
in athletics tasks, thus restricting the athlete to a more extended position of the knee. This 
would result in a position where the quadriceps possesses a favorable moment arm relative to 
the hamstrings and where valgus/varus and internal rotation moments would be increased[44, 
75, 83]. Reduced strength in the hip musculature may allow for femoral internal rotation and 
adduction, thus also allowing the knee to move into positions of excessive valgus/varus and 
internal rotations.  Muscle strength may significantly influence joint kinematics and kinetics 
during functional tasks, which may ultimately influence the amount of load and deformation 
experienced by the ACL due to altered neuromuscular characteristics and directly affect the 
risk of ACL injury. Thus, strength training programs able to modify joint kinetics and 
kinematics during functional tasks may be effective in reducing the risk of ACL injury.  As 
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such, proper muscle strength may be a key determinant for what neuromuscular 
characteristics are employed during high-demand athletic tasks, thus greatly influencing the 
risk of ACL injury. 
 
2.2.4: Females Display Altered Neuromuscular Characteristics Predisposing them to ACL 
Injury 
It has previously been demonstrated that female athletes tend to have a decreased 
knee flexion angle and jump height, greater knee valgus angle, greater quadriceps muscle 
activation, and lower hamstring activation in comparison to male athletes during selected 
athletic maneuvers such as cutting and drop vertical jump tasks[21-24].  Other studies have 
demonstrated that female recreational athletes have greater peak proximal tibia anterior shear 
force, greater peak knee extension moment, and greater peak knee varus moment during 
landing in stop-jump tasks in comparison to male recreational athletes[25].  A recent study 
has shown increased valgus angles and valgus moments during the performance of drop 
vertical jump tasks to be predictors of ACL injury at 73% specificity and 78% 
sensitivity[26]. 
These kinetic and kinematic differences between male and female athletes are not 
generally observed prior to puberty, nor is there any evidence for a gender difference in ACL 
injury rates prior to maturation[87, 88].  It has been previously observed that lower extremity 
biomechanics differ between pre- and post-pubescent athletes[89].  Subsequent investigations 
by Hass et. al. and Hewett et. al. confirmed that maturation during puberty altered lower 
extremity kinetics and kinematics in both males and females[90-92].  Hewett et. al. further 
observed that following the onset of maturation, females displayed increased valgus angle, 
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decreased knee flexion moment, and significant side-to-side differences when landing from a 
jump compared to male athletes[91]. Female athletes likewise failed to increase their vertical 
jump height or decrease their ground reaction forces during a drop vertical jump task 
following maturation, whereas male athletes displayed increase vertical jump height and 
decreased ground reaction force over the same period of maturation[92].  In the context of 
this study, it is important to note that gender differences in muscular strength also occur 
subsequent to maturation[93, 94], and thus may play a role regarding the gender differences 
which are observed during similar timelines. 
Biomechanical studies have also shown an increased ACL strain for females in these 
altered kinematic and kinetic states.  In addition to the literature previously presented 
regarding ACL strain during various general knee position and load states, ACL strain 
increased when cadaver knees were loaded using the knee kinematic and kinetic data 
obtained from women during a stop-jump task in comparison to use of data obtained from 
men during the same task[27].  
It has been previously established that females have significantly less muscle strength 
in the quadriceps and hamstrings compared with males, even when controlling for body 
weight[37, 38, 95-98]. Gender differences in hip musculature strength, including thigh 
abductors and external rotators, also exist[99]. These differences in strength may contribute 
to the more erect posture combined with uncontrolled knee valgus, hip adduction, and lower 
extremity rotation that is a commonly described body position at the time of non-contact 
ACL injury.  These gender differences in muscle strength have led to the observation that 
females appear to be “ligament dominant” as opposed to “muscle dominant” in their joint 
control strategies. These observed positions have also been found to be exacerbated by 
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fatigue, thus underscoring the likely role of strength in these neuromuscular 
characteristics[100-102]. Furthermore, strength training of the knee musculature has long 
been emphasized after ACL reconstruction, and it has been observed that weak muscle 
strength contributed to gait alterations subsequent to ACL reconstruction[103, 104]. 
 
2.2.5: Summary - Non-Contact ACL Injury Risk Factors 
To summarize, altered neuromuscular characteristics at the knee and adjacent joints 
have been shown to significantly increase ACL loading. Additionally, these variables have 
been shown to be different in females who are at greater risk for ACL injury in comparison 
to males. Furthermore, the specific neuromuscular characteristics displayed by females have 
been shown to significantly increase ACL loading over the patterns displayed by males. 
Finally, it has been demonstrated that there is a significant gender difference in muscle 
strength, and that changes in strength via fatigue can lead to the same neuromuscular 
alterations which have been shown to increase ACL loading. Taken in sum, these results 
highlight the importance of neuromuscular characteristics as possible ACL injury risk factors 
as well as the possible role of muscle strength as a key underpinning of those neuromuscular 
characteristics. Given demonstrated gender differences in strength and the potential for 
inadequate strength to negatively impact neuromuscular characteristics during high risk 
athletic tasks, it follows that ACL injury prevention protocols should maintain strength 
training as a core modality. 
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2.3: Modification of ACL Injury Risk 
 
2.3.1: Neuromuscular Characteristics have Previously been Shown to be Modifiable 
Previous research indicates that ground reaction forces, joint kinetics, joint 
kinematics, and muscle strength can be altered through appropriate interventions. Several 
different research groups have employed a variety of intervention programs to alter 
neuromuscular characteristics in order to decrease ACL injury risk.  These programs have 
been composed of a variety of combinations of training modalities, including balance, 
proprioception, plyometrics, education, technique, agility, and strength training.  
Furthermore, intervention programs employing similar combinations have been shown to be 
able to prospectively decrease ACL injuries. 
 
2.3.2: Intervention Protocols Targeting Neuromuscular Characteristics Suggest the Risk of 
ACL Injury can be Positively Modified 
Multi-modality programs centered on plyometrics training have been shown to be 
able to alter neuromuscular characteristics.  Hewett et. al. first demonstrated that vertical 
ground reaction forces and knee valgus moments were decreased in healthy female athletes 
following training using a high-intensity six-week combined modality program based on 
plyometrics, technique, and strength training[28].  Reduced peak ground reaction forces have 
also been observed by other groups employing plyometrics-based programs[105].   
Plyometrics-based training has also been shown to alter subject kinematics, balance, 
and muscle activation.  A subsequent study by Myer and Hewett et. al., using a more focused 
intervention composed of only plyometrics and strength training, showed decreased knee 
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valgus and increased knee flexion angles during a drop vertical jump[106].  Paterno and 
Hewett et. al. further demonstrated that a similar multi-modality intervention based on 
plyometrics, balance, technique, and strength training can improve total and 
anterior/posterior single limb balance[33]. Lephart et. al. observed significant improvements 
in peak knee and hip flexion as well as time to peak knee flexion in subjects using a basic 
resistance program comprised of flexibility, balance, and strength training, as well as subjects 
using the basic resistance program in addition to plyometrics and agility training[107]. Single 
modality interventions using plyometrics have also been shown to be effective at increasing 
preparatory phase muscle activation during jump landing[108].  Plyometrics-based training 
programs are now being promoted and are increasing popular for use in the clinical setting 
for both active athletes and for post-ACL injury rehabilitation[109].  
Programs centered on balance training have also been shown to be able to modify 
neuromuscular characteristics when landing from a jump. Myer et. al. employed a combined 
balance and strength training protocol to reduce knee valgus and increased knee flexion 
angles primarily during a single-leg drop landing[106].  This is in contrast to the effects they 
observed with their concurrent plyometrics and strength training program which had effects 
that were more confined to the drop-jump task. 
Technique-based training intervention programs have previously been shown to be 
able to modify neuromuscular characteristics. Manolopoulos employed a 10-week technique 
and strength training program in amateur soccer players to significantly improve linear and 
angular joint velocities during a soccer kick[110].  Prapavessis and McNair demonstrated 
that peak vertical ground reaction forces during a 30cm drop landing task could be acutely 
reduced following technical instruction regarding lower limb kinematics[111] or by 
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modifying their motion in accordance to environmental auditory cues[30]. Oñate et. al. 
further demonstrated that video-based augmented feedback was superior to internal feedback 
for reducing peak vertical ground reactions forces[32], and that augmented feedback could 
also lead to kinematic alterations such as decreased knee angular displacement angle[31]. 
However, the improvements generated by these methods may be temporary[112].  It is worth 
noting that the studies by Prapavessis and McNair and Oñate comprise the majority of those 
studies available in the literature which confine their intervention programs to a single 
modality. 
 
2.3.3: Intervention Protocols Targeting Neuromuscular Characteristics show the Risk of 
ACL Injury can be Positively Modified 
Studies assessing prospective ACL injury outcomes subsequent to the implementation 
of intervention programs that target subject neuromuscular characteristics have thus far have 
produced varied results. Caraffa et. al. demonstrated a reduction in ACL injuries in male 
soccer players using a balance-board training program. 600 semiprofessional/amateur male 
soccer players participated in the intervention program over the course of three seasons and 
were compared to 300 control group subjects who participated in traditional training 
methods[34].  The trained group suffered only 10 ACL injuries compared to 70 in the control 
group during the three seasons.  Although this study suffers from the lack of a randomized 
design, the results of this study were highly significant from statistical and clinical 
standpoints and provided some of the first evidence that interventions could prospectively 
decrease ACL injury incidence. 
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The results of Caraffa et. al. are further supported by the results of Wedderkopp et. al. 
who employed a similar balance-board intervention program in a randomized control trial 
study to achieve a 6-fold reduction in overall injury risk[113].  Myklebust et. al. also used 
balance training-centered intervention based on Caraffa et. al. combined with technique and 
plyometrics training elements to reduce the rate of ACL injury in elite-division team handball 
athletes[114].  It is important to note that ACL injuries increased in these teams following 
cessation of the intervention program[115]. A subsequent study by Olsen and Myklebust et. 
al., employing a similar intervention program with added hamstring strengthening exercises, 
resulted in decreased injury risk in youth team handball.  The authors assigned subjects by a 
randomized control cluster design such that 958 intervention subjects and 879 control 
subjects were compared at the end of a single season.  The intervention group suffered a 
greatly reduced rate of overall injuries as well as major ligamentous injuries to the knee.  
ACL injuries were also reduced in the intervention (N=3) compared to the control group 
(N=10) but this difference was not significant. 
Conversely, Soderman et. al. did not observe a reduction in overall injury risk with 
the use of a balance-board program, and actually observed a significantly greater distribution 
of major injuries in the intervention group compared to control subjects; however, this study 
suffered from very low power (62 intervention subjects and 78 controls)[36]. Furthermore, 
the balance exercises were performed at home without a coach or sports clinician, which 
leads to questions regarding program compliance and effectiveness.  Similarly, Peterson et. 
al. observed a decrease in ACL injuries over one season using an intervention based off of 
Myklebust et. al., but the result was not significant, again most likely due to the low power of 
the study (134 intervention subjects and 142 controls)[116]. 
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Hewett et. al. followed on their investigations of the effects of their combined 
plyometrics, balance, technique, and strength training program on neuromuscular 
characteristics by prospectively evaluating ACL injury risk in female soccer, basketball, and 
volleyball players[35].  This six-week pre-season program resulted in a significant decrease 
in ACL injury incidence during the following season: untrained female athletes had a 
significantly greater incidence of ACL injury and serious knee injury in general than the 
trained female athletes or untrained male controls. However, it is noted that this study has 
since been called into question due in part to confounding factors between the intervention 
and control groups such that the observed benefit may have been due to sport-specific 
differences in the composition between the two female cohorts. This study may also have 
been hampered by relatively low numbers of athletes and hours of exposure (366 trained 
female athletes vs. 463 untrained female athletes over a single season of prospective injury 
assessment). 
Heidt et. al. also employed a seven-week intervention program featuring plyometrics 
in combination with agility and strength training modalities in 42 female soccer players.  
When compared to 258 controls, they observed a significantly reduced rate of overall injury.  
ACL injury was also reduced in the intervention group, but was not statistically significant. 
Similar to Hewett et. al. and Soderman et. al., this study may have been hampered by 
relatively low numbers of athletes and hours of exposure; furthermore, the intervention 
protocol was of a greatly reduced intensity compared to that used by Hewett.  However, the 
results do show reduced overall injuries and suggest protection specifically against ACL 
injury. 
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In perhaps the largest intervention study conducted to date, Mandelbaum et.al. 
employed an intervention program featuring plyometrics in combination with education, 
technique, agility, and strength training modalities which was designed to replace the 
standard warm-up normally employed prior to soccer games and practices[117].  Almost 
2000 total subjects participated over the course of two seasons and were compared to almost 
4000 control subjects matched for age and skill.  The intervention program resulted in 
statistically-significant reductions of 88% and 74% during the two seasons of 
implementation, respectively.  This study may also serve to underscore the necessity of 
sufficient power for prospective ACL injury studies. 
 
2.3.4: Summary - Modification of ACL Injury Risk 
To summarize, studies have repeated proven that intervention programs can create 
alterations in neuromuscular characteristics that are associated with ACL injury.  These 
programs are most commonly composed of several different modalities, including balance, 
plyometrics, education, technique, agility, strength training.  Few studies at the time of this 
literature review involving single-modality interventions have been conducted thus far; 
however, neuromuscular alterations have been observed in those studies as well. 
The few prospective studies using injury prevention programs that have been 
conducted to date represent a wide range of different subject populations, sample sizes, and 
injury prevention strategies which may account for their varied results.  Despite these issues, 
these investigations appear to suggest that the risk for non-contact ACL injuries and sports 
injuries in general can be reduced.  The varied results of these studies also appear to 
underscore the need to gain a specific understanding of how neuromuscular characteristics 
 33
are actually being modified in order to achieve the observed protective effects.  In doing so, it 
will also be important to focus on a single modality of ACL injury prevention protocols in 
order to be able to account for the genesis of any neuromuscular alterations resulting from 
training.  
 
2.4: Limitations of Prior Research 
 
While there are indications that neuromuscular characteristics are modifiable and may 
be able to produce positive protective effects, this area of research has been hampered by two 
different significant limitations.   
First, most of the intervention programs have focused completely on alterations of 
neuromuscular characteristics as a result of an intervention or on outcomes measures without 
regard to how neuromuscular characteristics may have been altered. Only Hewett et. al. has 
performed both prospective injury and neuromuscular assessments using the same injury 
prevention program, albeit with different subjects at different time periods [28, 35].   
Secondly, these studies have been limited by a lack of specificity of the modalities 
responsible for the observed changes in either neuromuscular characteristics or in injury risk. 
Most studies utilize approaches combining different training modalities, such as plyometrics, 
balance, agility, strength, technique training. While scattered studies on single modalities do 
exist, primarily using technique training, few have singularly focused on one modality.  In 
this context, it is noteworthy that despite its common use in athletics, exercise programs, and 
as a component of ACL injury prevention programs, no study currently available in the 
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literature at the time of this review has investigated the role of strength training as a single 
modality.  
As a result, there is a distinct lack of knowledge as to which modality components are 
the active ingredients in injury prevention programs.  In order to be able to successfully 
implement an injury prevention program, the intervention should be specific to the activities 
commonly used in a given sport, effective over a relatively short duration of training, and 
efficient in terms of the daily time and monetary requirements.  Without knowledge as to 
which modalities are necessary and/or sufficient to create a protective effect, or as how 
different modalities may singularly or in combination effect different athletic populations, 
clinicians do not have a firm scientific basis on which to build such effective and efficient 
injury prevention programs.  
 
2.4.2: Summary - Limitations of Prior Research 
To summarize, there is a distinct paucity of available data on the relative 
contributions of specific individual ACL injury training modalities, of the influence of ACL 
injury prevention protocols on neuromuscular characteristics, and on the influence of strength 
training on neuromuscular characteristics. Additional research addressing these deficiencies 
is imperative if ACL injury prevention is to be appropriately addressed by clinicians and in 
subsequent research. 
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2.5: Strength and Sports Injury 
 
2.5.1: Strength Deficits may be related to Sports Injury 
Strength training has been an area of intense study over the past few decades; 
however, most studies have focused on the question of how to best improve strength in 
relation to athletic performance rather than in relation to injury prevention or alteration of 
neuromuscular characteristics associated with ACL injury. Furthermore, these studies have 
not investigated the effects of strength training on subject kinetics or kinematics during 
athletic tasks.  
The strength research related to injury prevention which does exist suffers from a lack 
of specificity regarding training programs and the injuries the investigators sought to address; 
however, it is noted that such programs have often demonstrated a reduction in lower 
extremity injuries in general.  Cahill et. al. investigated the effects of a pre-season 
conditioning program for high school football players which focused on body conditioning 
via cardiovascular and weight training and included flexibility and agility elements[118].  
They observed significant decreases in knee injuries, early-season knee injuries, and knee 
injuries requiring surgery compared to control subjects over a four-year period.  They also 
observed an 86% decrease in “DIAD’s” (tears of the anterior cruciate and medial collateral 
ligaments) compared to controls; however, it is unclear as to whether or not the difference 
was statistically significant and as to whether the injuries were via a contact or non-contact 
mechanism.  Similar levels of injury reduction have been observed in other studies[119], but 
the results have been significantly impaired by issues of conditioning measurements and 
injury definitions[120]. 
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Side-to-side muscle imbalances have also been studied as a possible risk factor for 
injury.  Merrifield and Cowen identified eight subjects that possessed peak isokinetic hip 
extensor torque values that were 75% of the opposite limb, and all eight subjects 
subsequently suffered hip adductor strains in the weaker limb.  Knapik et. al. also determined 
that the subjects with peak isokinetic knee extension and flexion torques that were less than 
85% of the opposite limb were 2.6 times more likely to suffer lower extremity injuries, 
particularly in the weaker lower extremity, than subjects without the strength 
imbalance[121].  Similar results have been observed with respect to hamstring strain 
injuries[122] and low back pain[123-125].  Differences in side-to-side kinetics and 
kinematics have also been observed.  Ford and Hewett et. al. observed significantly greater 
knee valgus motion in the non-dominant limb of female athletes, while no side-to-side 
differences were observed in male athletes[22, 91]. 
More recent studies have investigated the relationship of fitness levels to injury in 
military populations.  Knapik et. al. prospectively studied 756 male and 474 female cadets 
entering U.S. Army Basic Combat Training in order to determine injury risk factors[126].  
The ability to perform fewer push-ups and slower 3.2km run times were among the risk 
factors for time-loss injuries during combat training.  Conversely, in a prospective study 
following 1198 U.S. Military Academy cadets, muscle strength was not a risk factor for ACL 
injury; however, higher than normal body mass index was a risk factor[127].  Although the 
muscle strength values were normalized to body mass, it is possible that normalization to 
BMI could have produced different results.  Furthermore, the authors did not assess possible 
side-to-side strength differences in the injured subjects. 
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Fatigue has been long-recognized as a culprit for decreased force production[128].  
Fatigue is defined as the transient ability to maintain power output or force during repeated 
muscle contractions[129, 130].  In absence of many studies that have directly assessed the 
effect of strength on neuromuscular characteristics or ACL injury incidence, muscle fatigue 
may be considered to be a reasonable alternative model to evaluate for evidence of a 
relationship between muscle strength and ACL injury.  Unlike the affects of muscular 
strength gains, the role fatigue plays in athletic injury and in altering several different 
neuromuscular characteristics has been previously assessed to a relatively great degree. 
Fatigue may play a significant role in predisposing athletes to injury.  Studies have 
previous demonstrated that injury risk increases as the duration, intensity, and load of play 
increases.  Gabbett has conducted several studies investigating the cause of injury during 
match play and conditioning in rugby.  Gabbett observed significant relationships between 
training injury incidence and changes in training intensity, duration, and load[131].  Match 
injuries were also significantly correlated with changes in match intensity, duration, and load.  
Gabbett also observed that rugby players with low speed in performance measures and with 
low maximal aerobic power were at an increased risk of injury, and that reduced levels of 
training increased the risk of subsequent injuries[132].  Furthermore, overexertion was found 
to be the most common etiology of rugby training injuries, and overly large loads of pre-
season training increased injury risk with decreased improvement in maximal aerobic power 
compared to lower training loads[133, 134]. Similar findings have been made in 
gymnastics[135]. Rugby training injuries also occurred more frequently over the latter stages 
of a given training session[133].  This relationship of increased injuries during later stages of 
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individual periods of game play and overall match play have also been observed in ice 
hockey[136-139] and in football[140]. 
Fatigue may predispose athletes to injury by altering different neuromuscular 
characteristics related to injury.  Neuromuscular control has been shown to be negatively 
affected during states of fatigue[141].  Fatigue has been shown to increase knee laxity[142, 
143], which has been previously demonstrated to have a negative effect on 
proprioception[144, 145].  Knee joint proprioception has also been directly measured in 
fatigued versus non-fatigued states.  Skinner et. al. and Lattanzio et. al. both demonstrated 
that subjects’ ability to reproduce knee joint positions significantly decreased from the non-
fatigued to fatigued states[146, 147], although this difference may be of debatable clinical 
impact (approximately one degree of knee flexion in both studies).  Balance is also 
negatively affected by fatigue in both single and double legged stance[148, 149].  Voluntary 
muscle reaction time and activation are similarly decreased in fatigued states, which may 
have dire effects on muscular force attenuation and joint stabilization[150-153] 
The effect of fatigue has also been examined during the performance of functional 
and athletic tasks.  Sparto et. al. observed decreased knee and hip ranges of motion after a 
repetitive lifting task[149].  Nyland et. al. has demonstrated that fatigue of the hamstrings 
and quadriceps result in decreased knee flexion moment, increased internal tibial rotation, 
and delayed peak knee flexion angle during crossover cutting[154].  Carcia et. al. selectively 
fatigued the hip abductors and observed increased valgus angles during a drop vertical 
jump[155].  Chappell and Herman et. al. have also examined the effects of whole-body 
fatigue on lower extremity neuromuscular characteristics[100].  Subjects displayed increased 
tibial anterior shear force, increased knee valgus moment, and decreased knee flexion angle 
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during the landing phase of three different stop-jump tasks.  A subsequent study by Herman 
et. al. using a similar protocol in order to investigate sagittal plane kinetics and kinematics 
during stop-jump tasks also demonstrated reduced hip flexion angle in addition to reduced 
knee flexion angle and increased tibial anterior shear force[101].  
 
2.5.2: Summary - Strength and Sports Injury 
To summarize, fatigue and other conditions of strength deficits and imbalances have 
been shown to be significantly related to athletic injury risk.  These conditions of reduced 
strength have also been shown to reduce neuromuscular control, providing a possible 
causative factor for the observed increase in risk.  Furthermore, investigations of fatigue 
effects during athletic tasks show similar differences in lower extremity neuromuscular 
characteristics between fatigued and non-fatigued or low and high relative strength 
conditions as are seen between low and high ACL injury risk groups such as males and 
females or pre- and post-pubescent children. These neuromuscular alterations created by 
strength deficits via fatigue lend support to the concept that proper muscle strength is 
necessary to utilize effective and low risk neuromuscular characteristics during athletic tasks, 
and that muscle strength training may be able to positively alter the neuromuscular 
characteristics that are associated with increased ACL injury risk. 
 
2.6: Significance of Research Study 
 
Due to the incidence, cost, and long-term disability associated with ACL injury, it is 
important to understand the relative contribution and importance of the training modalities 
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included in injury prevention protocols.  In order to understand the mechanisms by which 
intervention protocols alter the neuromuscular characteristics of subjects, it is necessary to 
investigate a more complete set of neuromuscular characteristics (e.g. joint kinematics, 
kinetics, muscle activation, and strength) while focusing on a single training modality (e.g. 
strength training). The long-term objective of this study is to define how individual injury 
prevention modalities fundamentally alter baseline neuromuscular properties related to ACL 
injury. Once a base of knowledge regarding how these neuromuscular characteristics are 
altered by a given training modality is established, clinicians will be able to use an evidence-
based approach in order to more confidently construct ALC injury prevention protocols 
which maximize effectiveness, time, and effort. 
The basic hypothesis of this study is that a strength training protocol utilizing 
exercises that can be performed in the field and which focus on strengthening the knee and 
hip musculature will alter baseline neuromuscular characteristics in female subjects during 
the landing phase of an athletic task (the stop-jump) associated with ACL injury.  It is 
anticipated that such neuromuscular alterations will result in what is considered to be an 
improved neuromuscular profile for completing athletic tasks with a reduced risk of ACL 
injury. Ultimately, this research will help to provide clinicians with an evidentiary scientific 
foundation on which to design effective ACL injury prevention protocols.  
 
2.7: Summary of Literature Review 
 
 Non-contact ACL injury is a relatively common injury that is associated with 
significant short- and long-term disability, health risks, and economic costs.  Females suffer 
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non-contact ACL injuries at much higher rates than males, particularly during the 
performance of athletic tasks featuring cutting and jumping.  Previous research on anatomical 
and hormonal gender differences that may pertain to ACL injury risk has been inconclusive; 
however, previous research on gender differences in neuromuscular characteristic that may 
pertain to ACL injury risk is considered to be much more compelling. 
 Neuromuscular characteristics have previously been shown to be modifiable.  Several 
different ACL injury prevention programs using various combinations of plyometrics, 
balance, technique, education, agility, and strength training modalities have demonstrated the 
ability to positively alter various neuromuscular characteristics.  Furthermore, programs 
employing various combinations of modalities have been able to prospectively decrease the 
risk of ACL injury. 
 Few studies have been conducted thus far regarding how the injury prevention 
programs which have shown prospective decreases in injury risk actually modify 
neuromuscular characteristics in order to achieve a protective effect.  Furthermore, few 
studies investigating alterations in neuromuscular characteristics have focused on the 
contributions of a single modality.  As a result, little is know about the intervention 
modalities that are necessary and/or sufficient to be able to create a protective effect against 
ACL injury. 
 Strength deficits may be a significant risk factor for athletic injury.  Reduced strength, 
side-to-side strength imbalances, and increased fatigue have been shown to increase athletic 
injury risk.  Fatigue has also been shown to alter neuromuscular characteristics related to 
ACL injury.  Although strength training is a common modality included in ACL injury 
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prevention programs, no studies have been conducted at the time of this literature review 
which have examined the role of strength training in altering neuromuscular characteristics. 
Due to the incidence, cost, and long-term disability associated with ACL injury, it is 
important to understand the relative contribution and importance of the training modalities 
included in injury prevention protocols.  The long-term objective of this study is to define 
how individual injury prevention modalities fundamentally alter baseline neuromuscular 
properties related to ACL injury. Once a base of knowledge regarding how these 
neuromuscular characteristics are altered by a given training modality, clinicians will be able 
to use an evidence-based approach in order to more confidently construct ACL injury 
prevention protocols which maximize effectiveness, time, and effort.
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CHAPTER III 
METHODS 
 
 This study employed a mixed-model repeated measures design. The study 
independent variables were Time (2 levels: Baseline and at 9-Week Follow-up), and 
Intervention (2 levels: Strength Trained Females; Non-Trained Female Controls). The study 
dependent variables include four general categories: three-dimensional (3-D) knee, hip and 
trunk kinematics, 3-D knee and hip kinetics and ground reaction forces; muscle 
electromyography; and muscle strength. Baseline data collection occurred between August 
10th and September 16th of 2005. Implementation of the strength training intervention 
occurred between August 16th and November 22nd of 2005.  Final data collection occurred 
between October 20 and December 5th of 2005. All data collection occurred in the Center for 
Human Movement Science at the University of North Carolina at Chapel Hill.  All strength 
training sessions occurred in Fetzer Gymnasium at the University of North Carolina at 
Chapel Hill. 
 
3.1 Subjects 
 
3.1.1 Subject Definition 
 The subject population consisted of college-aged (18-30 years) healthy female 
volunteer recreational athletes without consideration of race, ethnicity, or religion.  A 
recreational athlete was defined in two different manners: 1) as a person who competes one
 to three times per week in sports events that regularly require stop-jump tasks (e.g. soccer, 
basketball, volleyball) but do not follow a professionally-designed training regimen; and/or 
2) as a person who competed in sports events that regularly require stop-jump tasks at the 
high school varsity level and currently competes at least once per month in sports events that 
regularly require stop-jump tasks but do not follow a professionally-designed training 
regimen.  Subjects falling under these two definitions were not treated differently.   
 
3.1.2 Number of Subjects 
The number of subjects participating in the study was determined based on the results 
of an a priori power analysis utilizing data from previous related studies (Appendix B).  The 
results of the a priori power analysis indicated that a total of 60 subjects (N=30 subjects for 
the intervention cohort, N=30 subjects for the control cohort) would be sufficient to detect 
significant differences at the .8 power level. A target of 80 recreational athletes (N=40 
subjects for the intervention cohort, N=40 subjects for the control cohort) was selected for 
recruitment for inclusion into the study in order to account for subject mortality during the 
course of the study.  A total of 74 recreational athletes were recruited and were randomly 
assigned to either the intervention (N=39) or control (N=35) cohort. A total of 69 recreational 
athletes (N=36 for intervention cohort, N=33 for control cohort) completed the study. 
 
3.1.3 Inclusion/Exclusion Criteria 
 A subject was excluded if she: 1) did not meet the age criteria, 2) did not meet the 
activity level criteria (i.e. recreational athlete), 3) had a lower extremity injury that prevented 
participation in physical activity for greater than two weeks over the previous 6 months, 4) 
possessed cardiovascular, respiratory, neurological, or other conditions which prevented her 
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from participating at maximal effort in sporting activities, 5) had ever suffered an ACL 
injury, 6) had engaged in strength training during the 12 weeks prior to inclusion in the study, 
or 7) had previously participated in an ACL injury prevention protocol. Subjects were 
allowed to continue aerobic activities in which they were participating prior to inclusion in 
the study. Subjects were not allowed to begin new aerobic activities during the duration of 
the study, nor engage in strength training outside of the study.  
 
3.1.4: Subject Recruitment 
 The majority of subjects were recruited from the local student population.  
Recruitment flyers were placed on and around campus, recruitment announcements were 
posted to school online forums and the massmail system, and announcements were made in 
UNC Physical Activity courses. 
 
3.1.5: Subject Compensation 
 Control subjects were compensated with $30 for participation in the entire study ($10 
for the baseline testing session and $20 for the 9-week follow-up testing session). The 
subjects in the strength training cohort were compensated with $130 for participation in the 
entire study ($10 for the baseline testing session, $20 for the follow-up testing session, and 
$100 for the 9-week strength training protocol). If a subject withdrew from the study, they 
were compensated for their completed participation up to that point. 
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3.1.6: Statement of Informed Consent 
 Once subjects were recruited, a brief interview was conducted in order to assess the 
inclusion criteria.  Informed consent was obtained from all subjects prior to any testing.  
Before beginning the initial testing session, the subject was asked to read an informed 
consent agreement outlining the procedures, protocols, and potential risks of the study.  This 
informed consent agreement form was in accordance with the standards set forth by the 
Medical Institutional Review Board at the University of North Carolina at Chapel Hill 
(Appendix C).  If the subject met the inclusion criteria and signed the informed consent 
agreement, they were randomly assigned to a cohort and included in the study. 
 
3.2 Research Design 
 
3.2.1 Design Overview 
Once subjects were recruited, screened, and consented for the study, the subjects 
participated in a baseline data collection session at the Center for Human Movement Science.  
Anthropometric measurements such as body height and weight were assessed.  EMG 
electrodes were then applied to the subject, who then underwent MVIC strength testing on 
their dominant limb. Subsequent to strength testing, retro-reflective markers for 3D 
videography were placed on the subject, and the subject’s baseline neuromuscular 
characteristics during the stop-jump task were assessed.   
The subjects began the strength training intervention within one week of the baseline 
data collection session.  Subjects reported to Fetzer Gym B for strength training three times 
per week for nine weeks with each session separated by at least one day.  The strength 
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training sessions were led by the principle investigator or by a trained research assistant.  The 
number of sets, number of repetitions in each set, resistance bands used, and 15-point scale 
Borg rating of perceived exertion (Appendix D) was recorded for each strength training 
session.  Each strength training session lasted approximately 45 minutes.  The first strength 
training session did not employ resistance bands and was used to educate the subjects on how 
to perform the warm-up exercises and resistance exercises in time with the metronome while 
maintaining proper technique.   
Subjects returned for a second data collection session at the Center for Human 
Movement Science within one week of completion of the strength training protocol.  The 
procedures for the second data collection session were the same as those used in the baseline 
data collection session.  Both the baseline and follow-up data collection sessions lasted 
approximately 90 minutes. 
 
3.2.2 Instrumentation 
 Subject anthropometric data was assessed using a standard scale equipped for 
measurement of weight in pounds and height in inches (Detecto, Webb City, MO).  The data 
was converted to metric units subsequent to data collection (2.2 pounds per kilogram; 39.4 
inches per meter).  Limb dominance was defined as the leg the subject would prefer to use in 
order to kick a soccer ball for maximum distance, and was assessed by verbal query. 
 Subject MVIC strength data was assessed using a hand-held dynamometer.  A hand-
held dynamometer (Model CSD400, Chatillon, Largo, FL) was used during the initial data 
collection session, but a different hand-held dynamometer (Model CSD300, Chatillon, Largo, 
FL) was used for the follow-up data collection session due to the fact that the subjects’ 
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quadriceps MVIC strength was beyond the range of the dynamometer used at baseline.  A 
calibration procedure was performed in order to standardize the measurements between the 
two dynamometers.  Known weights were applied to each of the dynamometers so as to 
generate two standard curves.  When rounded to the nearest tenth of a pound in order to 
match the precision of the CSD300 dynamometer, the values obtained from the CSD400 
dynamometer were almost identical to the values of the CSD300 dynamometer, and so no 
standardization procedure was employed (See Appendix E). 
 Ground reaction force and moment data were collected using a 4060A Bertec force plate 
(Bertec, Worthington, OH) at a sampling rate of 1200Hz.  The analog signals from the force 
plate output were inputted into a computer through an analog to digital converter.  The 
analog data was collected on the computer via Peak Motus (Peak Performance Technologies, 
Englewood, CO). 
 Eight infrared video cameras (Model TM6701AN, Peak Performance, Englewood, CO) 
along with the Peak Motus real time motion analysis system (Peak Performance 
Technologies, Englewood, CO) were used to record the trajectories of reflective markers.  
The real time video system was used to collect the anatomical landmark positions at a 
sampling rate of 120 Hz.  These marker trajectories were used to determine both kinetics and 
kinematics of the lower extremity during the completion of the stop-jump task.   
 Electromyographic (EMG) signals were collected using the T42L-8TO telemetry 
EMG system (Konigsberg Instruments, Inc., Pasadena, CA). This system contains an eight 
channel differential pre-amplifier/encoder transmitter and a receiver/demodulator with an 
input impedance of 200 kΩ, a common mode rejection ratio of greater than 70 dB, and a 
signal to noise ratio of greater than 40 dB.  The surface electrodes for this system are made of 
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Ag/AgCl adhesives (Model 720, Mediotest, Olstykke, Denmark) and were positioned on the 
muscle bellies and along the muscle fiber lines of the muscles of interest using an inter-
electrode distance of 20mm (Appendix F). 
 The strength training program employed resistance bands and exercise balls 
(Hygenic, Inc., Akron, OH; See Appendix G).  The resistance bands were attached the 
subjects’ extremities by either a manufactured Velcro extremity strap (Hygenic, Inc., Akron, 
OH) or by an extremity cuff that was custom-made using rock-climbing clips and belts (REI, 
Sumner, WA) depending on which exercise was being performed.  A stationary base of 
attachment for the opposite end of the resistance band was provided by either an exercise 
partner or by a manufactured sports handle (Hygenic, Inc., Akron, OH). 
 
3.2.3 Data Collection Procedure 
Subjects reported to the Center for Human Movement Science for both the baseline 
and the follow-up data collection sessions. The baseline and follow-up data collection session 
followed the same procedure.  Subjects were instructed to wear low-cut athletic shoes, low-
cut socks, spandex shorts, and a sports bra in order to allow for the application of the retro-
reflective markers and EMG electrodes, as well as to limit clothing from obscuring or 
moving the retro-reflective markers. Subjects were provided with spandex shorts if they did 
not possess a pair of their own. 
Following an explanation of the procedures and filling out the informed consent form, 
the subjects’ anthropometric data and limb dominance was then assessed.  Limb dominance 
was defined as the leg the subject would prefer to use in order to kick a ball for maximum 
distance. 
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 EMG electrodes were then applied to the subject’s dominant leg. To reduce 
impedance to the electromyography signals and allow for proper electrode fixation, electrode 
sites were prepared by shaving any hair from the immediate vicinity of the muscle belly and 
cleansing the skin with isopropyl alcohol.  Electrodes were placed on the prepared areas on 
the muscle bellies parallel to the muscle fibers of the vastus lateralis, rectus femoris, biceps 
femoris, semitendinous/semimembranous (medial hamstring), gluteus medius, and gluteus 
maximus muscles (Appendix F).  A single reference electrode was placed over the tibial 
tuberosity to serve as an electrical reference.  The electrodes were then connected via 
electrical leads to a battery operated FM transmitter unit. The telemetry unit was secured on 
the subject’s back via a custom-designed harness that fit similar to a backpack.  The harness 
had adjustable connections so a secure fit could be made which prevented excess motion of 
the equipment during the performance of the athletic task.  In order to prevent movement of 
the electrodes and subsequent alteration of the electromyography signal, electrodes were 
secured to the leg using underwrap and athletic tape.  Manual muscle tests were performed to 
verify that the locations of the electrodes were properly positioned.   
 Subject MVIC strength and EMG data for the four muscle groups (quadriceps, 
hamstrings, gluteus medius, and gluteus maximus) was then assessed by hand-held 
dynamometry.  The subject positions used for the MVIC testing have been previously shown 
to have good reliability when used in comparison with a BioDex dynamometer (Appendix 
H).  Reliability testing for this study was performed subsequent to the completion of the 
study and showed good between-day reliability for all muscle groups.  All MVIC test 
repetitions employed the dynamometer’s compression setting and lasted for a period of three 
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seconds.  In all cases, subjects were allowed 30-seconds of rest between trials to minimize 
any fatigue effects.  A description of the MVIC testing procedure is provided in Appendix I. 
 Reflective markers were then placed on the subject at the corticoid processes of the 
shoulder, the anterior superior spines of the ilium, and the fifth lumbar vertebrae, as well as 
the lateral aspect of the thigh, lateral condyle of the femur, lateral malleolus, and anterior 
tibia of the subject’s dominant leg (Appendix J).  The landmarks were prepared for marker 
attachment by using pre-wrap spray, and the markers were secured using double-sided carpet 
tape.  Additional markers were placed on the medial malleolus and medial condyle of the 
dominant leg for the purposes of a standing calibration trial in order to assess the position of 
the knee and ankle joint centers relative to the other markers.  These markers were removed 
subsequent to the standing trial and prior to the collection of the stop-jump trials. 
 The motion analysis system was calibrated prior to subjects arriving to the lab, with a 
volume of 2.5 m high × 2.5 m long × 1.5 m wide.  The calibration volume served to define 
the space through which the subjects performed the standing calibration and stop-jump trials.  
Each subject was asked to perform the stop-jump task in the calibration volume with each 
foot landing on a force plate in the calibration volume.  The eight infrared video cameras 
recorded the trajectories of reflective markers on the subject at a frame rate of 120 Hz.  
Simultaneously, ground reaction forces and moments from the force plates and 
electromyography data from the wireless telemetry device were collected at a sample rate of 
1200 Hz.  A synchronization pulse corresponding to foot strike on the force plate was also 
collected for subsequent time synchronization of the videographic, ground reaction force and 
moment, and electromyography data during data reduction. 
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 The stop-jump task that subjects performed in this study is an athletic task frequently 
performed during practice and games of jumping/cutting sports (e.g. basketball, volleyball, 
soccer).  The stop-jump task was selected in order to simulate the circumstances of injury 
typically associated with non-contact ACL injury. A review of over 100 ACL injury cases on 
videotape revealed that 70% of non-contact ACL injuries occurred in stop-jump related 
tasks[11]. This task consists of an approach run of four steps at maximal effort, a one-footed 
takeoff into a two-footed landing (onto the force plates), followed by a two-footed vertical 
takeoff for the maximum height (Appendix K).  The approach distance was adjusted such 
that the subject was able to take 4 steps at maximal effort at her normal stride length. Each 
subject was allowed to practice the task up to 3 times in order to orient the subject to the task.  
No instructions regarding jumping techniques were given to the subject to avoid coaching 
effects on the subject’s natural performances of the tasks. 
 Lower extremity kinematic, kinetic, and electromyographic data was collected 
throughout the subjects’ stance phase on the force plates.  Electromyographic data was also 
collected for a 200 millisecond period immediately prior to foot strike. Each subject 
performed five successful trials of the task.  A successful trial is defined as a trial in which 
the subject performed the task as required, and all the kinematic, kinetic, and 
electromyographic data were collected.  In all cases subjects will be allowed 30-seconds of 
rest between trials to minimize any fatigue effects.  After the collection of five successful 
trials, the retro-reflective markers and EMG electrodes were removed and the subject was 
then finished with the data collection session. 
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3.2.4 Strength Training Procedure 
The females in the intervention cohort underwent a nine week strength training 
program using progressive resistance exercises targeting the quadriceps, hamstrings, gluteus 
medius, and gluteus maximus. Control subjects were instructed to refrain from strength 
training activities for the nine week period, and intervention subjects were instructed to 
refrain from strength training activities outside of the strength training sessions that were a 
part of the study.  Both the intervention and control subjects were allowed to continue their 
normal levels of sports activities but were instructed to refrain from initiating participation in 
any new activities. 
The intervention subjects began the strength training program within one week of 
their respective baseline data collection sessions.  Subjects reported to Fetzer Gym B on the 
UNC campus for strength training three times per week for nine weeks (27 total sessions) 
with each session separated by at least one day to allow for a recovery period and to ensure a 
gradual progression of resistance exercise.  Subjects in the strength training cohort were 
required to participate in at least 23 of the 27 sessions (85%) for inclusion in the final data 
set. Furthermore, no subject was able to miss more than one strength training session out of 
any group of three consecutive sessions in order to maintain continuity of progress through 
the training program.  Previous research has demonstrated that supervised resistance training 
results in increased strength gains relative to unsupervised training[156]; accordingly, the 
strength training sessions were led by the principle investigator or by a trained research 
assistant and was responsible for coordinating the exercises to be performed and provide 
feedback to the subjects to assist them in maintaining proper technique.  The research team 
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member also recorded the exercises performed, level of resistance, number of sets, number 
repetitions in each set, and a rating of perceived exertion for each subject.   
Subjects would proceed through a series of dynamic warm-up exercises in order to 
prepare themselves for the strength training exercises (Appendix L).  Subjects would then 
begin the resistance exercises.  There was no set order for the resistance exercises.  The 
subjects attempted to complete three sets of each resistance exercise with a target of 8 to 12 
repetitions per set.  The initial level of resistance was based on 60% of the average force 
recorded during the MVIC trials at the baseline data collection session.  The 60% MVIC 
force value was matched to the appropriate combination of resistance bands that create that 
value at the point of 100% elongation.  Once the subject was able to meet the repetition target 
for each set utilizing proper form, the level of resistance was increased by 10%. 
All of the exercises employed at least a three-limbed base of support to limit effects 
due to balance training. All exercises were constructed such that they were easily 
accomplished with a training partner without the need for specialized equipment (e.g. track 
weight systems).  The exercises utilized resistance bands of varying strengths and 
manufactured or custom-made extremity attachments in order to interface the resistance band 
with the subject.  The exercises followed a 60 beats-per-minute pace kept via a metronome 
(Zipbeat 6000, Sabine, Alachua, FL) in order to standardize the rate of contraction across 
subjects.  Each repetition employed a five-beat count: contraction on count one, a hold of the 
contracted position on count two, a return to the starting position over the following two 
counts, and then a rest on the fifth count.  Each strength training session lasted approximately 
45 minutes.   
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The quadriceps muscles were targeted via a knee extension exercise (Appendix M).  
A resistance band was attached to the lower leg just proximal to the ankle, and the subject 
held a sports-handle bar which was attached to the other end of the resistance band.   The 
subject would lie in a supine position with their hips at approximately 60 degrees and feet on 
the floor.  They would then use their quadriceps to extend their lower leg at the knee while 
maintaining their hip position.  Subjects alternated sets between legs. 
The hamstrings were targeted by a knee flexion exercise (Appendix M).  Resistance 
bands were attached to each lower leg just proximal to the ankle.  The opposite ends of the 
resistance bands were attached to a sports bar which was anchored by the PI or research 
assistant.  The subject would lie in a supine position, and an exercise ball was placed under 
their feet so that their heels were positioned on top of the ball.  They would then bridge their 
torso slightly and use their hamstrings to flex their knees and thus roll the ball towards their 
torso.  Subjects were given a minute to rest between sets. 
The gluteus medius was targeted via a hip abduction exercise (Appendix M).  A 
resistance band was attached to the lower thigh just proximal to the knee.  The opposite end 
of the resistance band was secured by the PI or research assistant by simply standing on the 
band, thus anchoring it to the floor with their body weight.  The subject would lie in a lateral 
decubitus position on the contralateral side with their hips and knees at full extension.  They 
would then use their gluteus medius to abduct their leg at the hip while maintaining their 
knee position.  Subjects alternated sets between legs. 
The gluteus maximus was targeted via a hip extension exercise (Appendix M).  A 
resistance band was attached to the lower thigh just proximal to the knee.  The opposite end 
of the resistance band was secured by the PI or research assistant by attaching the band to 
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their ankle.  The subject would assume a “four-legged” position with their knees and hips at 
90 degrees of flexion.  They were also facing the PI/research assistant and would place their 
ipsilateral shoulder against their shin for added stability.  They would then use their gluteus 
maximus to extend their thigh at the hip while maintaining their knee position.  Subjects 
alternated sets between legs. 
Subjects returned for a second data collection session at the Center for Human 
Movement Science within one week of completion of the strength training protocol.  Due an 
incident of equipment failure in the Center for Human Movement Science which precluded 
data collection for a brief period, a small number of subjects’ data was collected outside this 
period but within two weeks of completion of the strength training program.  
 
3.3 Data Analysis 
 
3.3.1 Data Reduction 
Data reduction was performed using a Three-Dimensional Biomechanical Data 
Reduction 6.0 computer program package (Motionsoft, Chapel Hill, NC). The recorded 
videographic data will be digitized using the Peak Motus video analysis system (Peak 
Performance, Englewood, CO).  The three-dimensional coordinates of the retro-reflective 
markers were estimated from the digitized two-dimensional trajectories of the markers.  The 
three-dimensional coordinates of the hip, knee, and ankle joint centers were estimated from 
the three-dimensional coordinates of the retro-reflective markers and the three-dimensional 
coordinates of the additional markers in the calibration trial. The raw three-dimensional 
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coordinates were filtered through a low-pass Butterworth digital filter with estimated 
optimum cutoff frequency[157]. 
Segment locations and orientations were determined from the three-dimensional 
coordinates of critical body landmarks. Joint angles and resultants were determined from 
segment kinematics.  Knee joint angles were defined as three Euler angles with 
flexion/extension, valgus/varus, and internal/external rotation as the first, second, and third 
rotations.  Hip joint angles were defined as three Euler angles with flexion/extension, 
abduction/adduction, and internal/external rotation as the first, second, and third rotations.   
Ground reaction forces, free moment, and the location of the center of pressure were 
determined from force plate data.  Joint resultant forces and moments at the knee on the tibia 
were estimated using an inverse dynamic procedure.  Modified Clauser’s segment inertia 
parameters were used to determine segment masses, moments of inertia, and locations of 
segment center of mass.   
The estimated joint resultant forces and moments were normalized to the subject’s 
body weight and the product of the subject’s body weight and height, respectively.  The knee 
flexion/extension moment, knee valgus/varus moment, hip adduction moment, hip internal 
rotation moment, knee flexion angle, and trunk flexion angle were identified at the peak 
proximal tibia anterior shear force during the landing phase.  The hip flexion angular velocity 
at foot contact, the knee flexion angle range, trunk flexion angle range, and jump height were 
also determined.  
The raw surface electromyographic signals for MVIC and stop-jump trials were 
filtered through the band-pass filter (400 Hz and 10 Hz cutoff frequencies for low and high-
pass filters, respectively).  The signals were then full-wave rectified.  A 10 millisecond root 
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mean square (RMS) moving window was used. The average RMS surface electromyographic 
signal amplitudes for the stop-jump trials were determined for muscle contractions in the 
periods 200 milliseconds prior to footstrike and during the landing phase using Matlab 
Version 5.3 (Natick, MA).  These trial amplitudes were normalized to the MVIC RMS 
electromyographic amplitudes of each respective muscle averaged over a period of two 
seconds. 
Data from the middle three trials of the five successful trials was averaged for each 
subject and used for statistical analyses.  The middle three trials were employed in order to 
partially offset any possible learning effects at the beginning of data collection and any 
possible fatigue effects towards the end of the data collection. 
 
3.3.2 Statistical Analysis 
Reduced data was recorded in a spreadsheet software program (Excel XP, Microsoft, 
Redmond, OR). Statistical analysis employed the Statistical Program for the Social Sciences 
software package (Version 13.0, SPSS, Chicago, IL). Each dependent variable was tested 
using one within-subjects factor [time] and one between-subjects factor [group].  The alpha 
level was set a-priori at 0.05 for all analyses.  A total of 34 2 [group] by 2 [time] mixed 
model analyses of variance (ANOVAs) were performed to determine if a main effect or 
interaction effect existed for time or group for all variables. 
Bonferroni-adjusted paired-samples t-tests were employed for post-hoc analyses.  Six 
comparisons were made for each variable that displayed significant interaction effects: 
Intervention group at baseline vs. Intervention group at follow-up, Control group at baseline, 
and Control group at follow-up; Intervention group at follow-up vs. Control group at baseline 
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and Control group at follow-up; and Control group at baseline vs. Control group at follow-
up.  A corrected p-value of .008 (p=.05 divided by 6 comparisons for each dependent 
variable) was thus employed.
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CHAPTER IV 
RESULTS 
 
Each subject was tested at baseline prior to the 9-week strength training program (for 
intervention subjects) or 9-week waiting period (for control subjects).  The subjects’ 
neuromuscular characteristics were then reassessed after the 9-week period in order to 
determine the effects of the strength training program. 
 
4.1 Subjects 
 
A total of 74 subjects qualified for the study under the inclusion criteria and were 
recruited into the study.  These subjects were almost exclusively undergraduate (N=49) and 
graduate/professional (N=23) students from the University of North Carolina.  One of the 
two non-student subjects was a recent local graduate of the University, while the other was a 
laboratory technician at the University. 
The subjects were randomized into intervention (N=39) and control groups (N=35).  
The baseline neuromuscular characteristics were assessed for all subjects.  Out of the 35 
subjects in the control group, two subjects did not complete the full 9-week waiting period 
and return for the second data collection session.  Of those two, one subject dropped out of 
the study due to injuries sustained in a car accident, while the other did not return for data 
collection citing time pressures from coursework. Out of the 39 subjects in the intervention 
group, three subjects did not complete the full 9-week strength training program and return 
for the second data collection session.  Of those three, one dropped out of the study due to 
health reasons unassociated with the study or strength training intervention, and the other two 
dropped out of the study citing time pressures from coursework. 
A total of 69 subjects (N=36 for the intervention cohort, N=33 for the control cohort) 
completed the baseline data collection, 9-week strength training program or 9-week waiting 
period, and the final data collection session. Of these 69 subjects, three subjects’ data sets (all 
in the intervention group) were not usable due to errors in the standing calibration trials of 
either the baseline or final data collection sessions.  Therefore, a total of 66 subjects, evenly 
divided between the intervention and control cohorts, were used for final data analysis.  The 
descriptive statistics for the subjects’ age, height, and mass are detailed in Tables 4.1.1 
through 4.1.3. 
The control cohort (N=33) ranged in age from 18.31 to 29.72 years with an average 
age of 22.53±3.81 years, an average mass of 61.05±8.35 kg, and an average height of 
1.66±.06 m.  The majority of subjects listed soccer, basketball, and/or volleyball as their 
primary sport.  N=10 of the control subjects met the activity level requirement only by being 
a former high school varsity athlete who currently plays at least once a month, N=3 met the 
requirement only by playing one to three times per week, and N=20 met the activity level 
requirement under either standard. 
The intervention cohort (N=33) ranged in age from 18.53 to 28.30 years with an 
average age of 22.47±2.25 years, an average mass of 63.52±9.18 kg, and an average height 
of 1.67±.07 m.  The majority of subjects listed soccer, basketball, and/or volleyball as their 
primary sport.  N=13 of the intervention subjects met the activity level requirement only by 
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being a former high school varsity athlete who currently plays at least once a month, N=4 
met the requirement only by playing one to three times per week, and N=16 met the activity 
level requirement under either standard.  Intervention group subjects participated in an 
average of 33.1±.9 strength training sessions, and reported an average rating of perceived 
exertion of 13.5±.8 for those sessions. 
 
4.2 Descriptive Statistics 
 
 The descriptive statistics for the 27 dependent variables as well as for muscle MVIC 
strength and the velocity of the L4/L5 marker at foot strike and toe-off for both time points 
and groups appear in Tables 4.2.1 through 4.2.31.  Muscle strength was not one of the 
dependent variables; however, in order to assess the effect of the strength training program, it 
was necessary to ensure that the program did indeed increase strength, and that the control 
group was not significantly different from the intervention group at baseline or significantly 
different at follow-up.  The velocity of the L4/L5 marker at foot strike and toe-off was also 
not one of the dependent variables; however, since the approach to the force plates was 
constrained by number of strides rather than speed, it is important to examine the approach 
velocity in order to determine if any differences existed by time or group.  Similarly, velocity 
at toe-off was assessed as a rough indicator of jumping performance during the task.  
 
 
 
4.3 ANOVA Results 
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  The study employed a mixed-model analysis of variance design. Each dependent 
variable was tested using one within-subjects factor [time] and one between-subjects factor 
[group].  The alpha level was set a-priori at 0.05 for all analyses.  A total of 34 ANOVAs 
were performed to determine if a main effect or interaction effect existed for time or group 
for all variables.  Tables 4.3.1 through 4.3.6 contain the results from the 34 repeated 
measures ANOVAs for the main effect for group, the main effect for time, and the group by 
time interaction. 
 
4.4 Summary of Results 
 
 No statistically significant differences were observed between the intervention and 
control groups for subject height, mass, or age, nor were any differences observed for mass 
between the two data collection time points (p>.05 for all comparisons). 
 Statistically significant main effects were observed for strength in all four muscles 
with respect to time and group (p<.001 for all muscles).  Statistically significant interaction 
effects were also observed for all four muscles (p<.001 for all muscles).  Bonferroni-
corrected paired-sample t-tests were performed to determine the different levels of 
interaction.  For each muscle, the MVIC strength of the intervention group at the time of the 
follow-up data collection session was significantly larger in comparison to the strength of the 
intervention group at baseline (Table 4.4.1) and at both time points for the control group 
(p<.001 for all muscles).  No significant differences were observed for the control group 
between baseline and follow-up. 
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 No significant main effects for time or group were observed for any of the nine 
different kinetic or kinematic variables included in the hypotheses, nor were any time by 
group interactions present (p>.05 for all variables; See Tables 4.2.5 through 4.2.15).  
Similarly, no differences were observed between groups or time for the approach velocities 
of the subjects during the performance of the stop-jump task (p>.05 for both variables), 
suggesting that subjects performed the task with similar effort and physical demands at both 
baseline and follow-up.  A significant main effect for time with respect to jump velocity was 
detected with jump velocity significantly decreasing from baseline to follow-up (2.38±.24 vs. 
2.30±.24, p=.001); however, no interaction effects were observed (p>.05). 
  Statistically significant main effects were observed for three of the EMG variables.  
A main effect with respect to time existed for preparatory phase gluteus maximus amplitude 
(p=.009) with the value at baseline higher than at follow-up (2.324±2.481 vs. 1.169±2.546).   
A main effect with respect to time existed for preparatory phase vastus lateralis amplitude 
(p=.022) with the value at baseline higher than at follow-up (.448±.190 vs. .367±.195).   A 
main effect with respect to time existed for landing phase vastus lateralis amplitude (p=.047) 
with the value at baseline higher than at follow-up (2.475±1.646 vs. 1.940±1.085).  
Statistically significant interaction effects were also observed for four of the EMG 
variables: preparatory vastus lateralis (p=.013), vastus medialis (p=.002), and rectus femoris 
(p=.011) EMG amplitudes, and landing phase vastus lateralis (p=.015) EMG amplitude (See 
Tables 4.3.5 and 4.3.6).  Bonferroni-corrected paired-sample t-tests were performed to 
determine the different levels of interaction (See Table 4.4.2).  For each variable, the EMG 
amplitude of the intervention group at the time of the follow-up data collection session was 
significantly lower in comparison to the strength of the intervention group at baseline: 
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preparatory vastus lateralis (.483±.221 vs. .329±.182, p=.002), vastus medialis (.444±.220 vs. 
.308±.157, p=.001), and rectus femoris (.410±.222 vs. .312±.179, p=.004) EMG amplitudes, 
and landing phase vastus lateralis (2.731±2.193 vs. 1.643±1.011, p=.006) EMG amplitude. 
Furthermore, the vastus medialis preparatory phase EMG amplitude was significantly 
reduced at follow-up compared to the control group at baseline (.308±.157 vs. .426±.170, 
p=.007) and at follow-up (308±.157 vs. .450±.214, p=.005). No significant differences were 
observed in the control group between baseline and follow-up.
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CHAPTER V 
DISCUSSION 
 
5.1 Subjects 
 
 Subjects recruited for this study ranged in age from 18.31 to 29.72 years old.  All 
subjects were recreationally active based on the criteria used during subject recruitment.  The 
results of this study should be applicable to relatively young healthy female athletes who are 
physically active.  Generalization of the results to other populations may be limited.  This 
may be particularly true for high-level (e.g. Division I or professional) athletes who are likely 
to be much stronger relative to recreational athletes, pubescent athletes who may have 
strength gains that are lagging their growth rates, and/or for injured or rehabilitating athletes 
(See 5.7 Future Studies). 
 No significant differences were observed between the intervention and control group 
subjects concerning subject age, height, mass at baseline, or mass at the follow-up data 
collection session.  Furthermore, no significant differences were observed between the two 
groups at baseline with respect to isometric muscle strength or any of the study dependent 
variables.  It is thus reasonable to assume that the subject population was well-distributed 
between the intervention and control groups and that the results of the study are not 
confounded by any bias or artifact in the subject composition of the two groups.
 
5.2 Strength Training Program 
 
 The strength training program used for this study was developed in consultation with 
the Olympic Sports Strength and Conditioning Staff at the University of North Carolina.  The 
program employed a brief dynamic warm-up for each session prior to resistance exercises.  
Dynamic warm-up may be superior to traditional static stretching, particularly concerning 
subsequent muscle strength during athletic activity[158]. 
 Elastic resistance bands were employed in order to provide a resistive force for 
strength development.  Resistance bands are traditionally used in rehabilitation therapy 
settings and/or with elderly populations.  The rationale for using resistance bands with young 
healthy athletes in the current study is twofold: first, it was necessary to create a strength 
training program that could be easily implemented with respect to financial and site aspects 
as more traditional free or track weight systems were not readily available, nor was an 
exclusive space available for the implementation of the program.  Second, the design of the 
strength training program should be such that, if effective, it could be utilized widely in the 
field or clinical setting without the need for access to immobile, expensive, and/or highly-
specialized equipment.  Resistance bands constituted one of the best options satisfying those 
two criteria.  To the best of the author’s knowledge, this is the first study that has utilized 
resistance bands to create de novo strength gains in a healthy college-aged female athlete 
population; furthermore, the strength increases were impressive, ranging from approximately 
40% to 50% (See Tables 5.2.1 and 5.2.2).  An abstract regarding the resistance training 
design and subsequent strength gains was accepted for presentation at the 2006 Annual 
 68
National Meeting for the American College of Sports Medicine in Denver, CO (See 
Appendix O). 
The resistance exercises were all set to a standard cadence using a metronome in 
order to standardize the rate of contraction across subjects.  Each repetition employed a five-
beat count: contraction on count one, a hold of the contracted position on count two, a return 
to the starting position over the following two counts, and then a rest on the fifth count.  It 
should be noted that there were differences in the total amount of excursion between 
exercises.  For example, the total range of motion for the gluteus medius exercise was 
approximately 45 degrees, while the total range of motion for the quadriceps, gluteus 
maximus, and hamstrings exercises was approximately 90 degrees.  Thus, although the rate 
of contraction was controlled across subjects, the rate of contraction between the exercises 
varied.  However, the range of contraction rates can still be generally classified together as 
relatively “slow,” i.e. much slower than faster rates such as 120 degrees per second and 
higher.  Furthermore, due to limitations in personnel and scheduling of 36 intervention 
subjects three times per week, it was necessary to arrange strength training in groups of 
subjects using an average subject to trainer ratio of 3:1 rather than individual sessions.  As a 
result, different subjects within the same exercise session were performing different exercises 
at the same time, and therefore it was necessary to standardize all of the exercises by the 
same metronome rate rather than by contraction rate for the sake of simplicity. 
Each strength training session lasted approximately 45 minutes.  When considering 
the possibility of successful implementation of any injury prevention program, the time 
needed for a given session of the program is likely an important factor to control.  The 
strength training program was originally intended to run approximately 20 minutes; however, 
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this value increased in large part due to the necessity to arrange strength training in groups of 
subjects rather than individual sessions.  This longer time per session would probably render 
the program inefficient for use in the field.  It should be noted that previous studies indicate 
that single-set strength training programs using fast rates of contraction have the same 
strength increases as a three-set strength training program using a slower rate of 
contraction[159].  Thus, a similar strength training program with a shorter time per session 
could be created using a much higher rate of contraction. 
Subject satisfaction with the strength training program varied.  Attachment of the 
resistance bands to the subject’s limbs was the most significant problem.  The resistance 
bands were originally interfaced with the subject via an extremity strap that was 
manufactured specifically for that purpose.  This strap consisted of a light-weight Velcro 
band and an attachment point for the resistance band; however, the structural integrity of the 
extremity straps failed after only a week or two of use owing to the higher levels of 
resistance being used.  A custom solution was created out of rock-climbing gear which 
provided a much higher load tolerance.  Unfortunately, this solution was also problematic as 
several subjects complained of rubbing and bruising from the extremity due to the unwieldy 
buckles.  An informal survey of intervention subjects resulted in mostly middling scores 
regarding the comfort of the exercises (See Appendix N).  Any strength training programs 
targeting healthy athletic populations that use resistance bands would obviously need to 
improve upon the extremity attachment solutions used in this study in order to address these 
issues of subject comfort. 
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5.3 Comparisons of Subject Kinetics 
 
 A mixed-model repeated measures design was used to determine the effect of strength 
training on the kinetics, kinematics, and muscle activation during the stop-jump task.  The 
first hypothesis of the study was that the strength trained female subjects would demonstrate 
decreased vertical ground reaction force, anterior tibial shear force, knee valgus moment, 
knee extension moment, hip adduction moment, and hip internal rotation moment during the 
landing phase of a stop-jump task when compared to the female controls.  Based on the 
output of the six ANOVAs for the kinetic dependent variables, no significant interaction 
[Group X Time] existed for any of the kinetic dependent variables.   In addition, no 
significant main effects for Group or Time existed for any of the kinetic dependent variables.  
As such, strength training had no observed effect on the kinetic dependent variables and the 
first research hypothesis of the study is therefore rejected. 
 The average values observed for the vertical ground reaction force, anterior tibial 
shear force, knee valgus moment, knee extension moment, hip adduction moment, and hip 
internal rotation moment were within a reasonable approximate range of expected values 
based on the previously literature using similar techniques and task types[22, 23, 25, 100].  It 
should be noted that the peak anterior tibial shear forces observed in female subjects in 
previous studies at the Center for Human Movement Science, which employed a similar 
laboratory protocol, are somewhat lower (~.3 to .4 BW) than the observed averages in the 
present study (~.44 to .5 BW).  Similarly, the knee extension moment averages (~-.17 to -.19 
BW*BH) and knee valgus moment averages (~-.1 to -.11 BW*BH) observed in this study 
were slightly higher than those observed in the same previous studies (~-.005 to -.13 
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BW*BH and ~-.02 to -.05 BW*BH, respectively) and may be attributed to the same 
factors[25, 100].  These differences may be attributed to a slightly longer approach prior to 
the stop-jump task for the current study (4 steps versus 3 steps), as well as the constant 
reinforcement provided by the author to the subjects that their approach be at their maximal 
effort while maintaining adequate control for the completion of the task, thus creating 
significantly greater demands on the subject.  This is exemplified in observed main effects 
for task in the previous research by Chappell et. al. which employed stop-jumps with a final 
landing target forward off the force plates, on the force plates, and backward off the force 
plates[100].  As the demands of the task increased from the forward landing to the backwards 
landing, the kinetic variables also significantly increased. 
 The findings of no significant differences in subject kinetics subsequent to strength 
training are contrary to the results of other studies that have employed multi-modality 
intervention programs which have included a strength training component. Hewett et. al. 
observed decreased frontal plane moments about the knee during a drop vertical jump task 
subsequent to a multi-modality program including strength training[28]. However, this lack 
of kinetic alterations subsequent to strength training was also observed by Trowbridge et. al. 
and McGinn et. al. in studies which were recently presented at the 2006 Gender Bias in ACL 
Injury Retreat in Lexington, KY[160, 161].  Neither study observed kinetic differences in 
female recreational athletes during the completion of a variety of athletic tasks. 
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5.4 Comparisons of Subject Kinematics 
 
The second hypothesis of the study was that the strength trained female subjects 
would demonstrate increased knee flexion angle and hip flexion angle, as well as decreased 
knee valgus angle, during the landing phase of a stop-jump task when compared to the 
female controls.  Based on the output of the six ANOVAs for the kinematic dependent 
variables, no significant interaction [Group X Time] existed for any of the kinematic 
dependent variables.   In addition, no significant main effects for Group or Time existed for 
any of the kinematic dependent variables.  As such, strength training had no observed effect 
on the kinematic dependent variables and the second research hypothesis of the study is 
therefore rejected. 
 The average values observed for the knee flexion, knee valgus, and hip flexion angles 
were within a reasonable approximate range of expected values based on the previously 
studies in the literature using similar techniques and task types[22, 23, 25, 100]. The findings 
of no significant differences in subject kinematics subsequent to strength training are 
contrary to the results of other studies that have employed multi-modality intervention 
programs which have included a strength training component. Lephart et. al. observed 
increased knee and hip flexion during a jump-landing task subsequent to a multi-modality 
program including strength training[107].  Similarly, Myer and Hewett employed a 
plyometrics and strength training program and observed decreased knee valgus and increased 
knee flexion during a drop vertical jump task[106].  However, this lack of kinematic 
alterations subsequent to strength training was also observed by Trowbridge et. al. and 
McGinn et. al. in studies which were recently presented at the 2006 Gender Bias in ACL 
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Injury Retreat in Lexington, KY[160, 161].  Neither study observed kinematic differences in 
female recreational athletes during the completion of a variety of athletic tasks. 
 
5.5 Comparisons of Subject EMG 
 
The third hypothesis of the study was that the strength trained female subjects would 
demonstrate increased muscle activation amplitude, as well as decreased 
Quadriceps:Hamstrings ratios, during the preparatory phase and landing phase of a stop-jump 
task when compared to the female controls.  Based on the output of the sixteen ANOVAs for 
the EMG dependent variables, significant interaction [Group X Time] were observed for the 
vastus medialis, vastus lateralis, and rectus femoris muscles during the preparatory phase and 
for the vastus lateralis during the landing phase.  Post-hoc analyses indicate that the average 
EMG amplitude for all four variables decreased from baseline to follow-up in the 
intervention group without any significant differences from baseline to follow-up in the 
control group.  As such, strength training had an observed effect opposite to that of the 
hypothesis on these EMG variables, as well as no observed effect on the remaining twelve 
EMG variables, and the third research hypothesis of the study is therefore rejected. 
The muscle EMG data results of this study using the current methods lie beyond 
reasonable credulity.  Average EMG amplitudes as a percent of the MVIC EMG amplitude 
for many of the individual muscles were far greater than the highest values seen in the 
literature.  EMG amplitudes during dynamic tasks can reach as high as 200-300% of the 
MVIC EMG amplitude[162, 163], but amplitudes seen during landing tasks more similar to 
that employed in this study tend to be much lower[164, 165].  For example, Zazulak and 
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Hewett et. al. observed peak gluteus maximus EMG amplitudes of 70% of MVIC EMG 
amplitude in females and 98% of MVIC EMG amplitude in males in the post-contact phase 
during the completion of a single-leg landing task[164]. The average amplitudes observed in 
this study ranged as high as 1000% of the MVIC amplitudes, and most variables also showed 
extraordinarily high standard deviations.  Analyses of histograms of the EMG data revealed a 
high degree of scatter, particularly with several obvious outliers.  Exploratory analyses were 
performed with such outliers removed from the data; however, removal of these outliers had 
the effect of reducing the dataset by as much as half in many cases and still resulted in means 
and standard deviations that were higher than anticipated. Furthermore, the results of the 
subsequent ANOVAs were unchanged from the ANOVAs that were performed with the full 
dataset. 
Visual inspection of the data reveals that these issues most likely stem from problems 
with the MVIC EMG amplitude data by which the trial data is normalized.  MVIC EMG 
amplitudes were on average far below that anticipated as seen in previous work performed in 
the laboratory using similar EMG standardization procedures.  This may be partially a result 
of the body composition of these recreational athletes, particularly at the gluteus medius and 
gluteus maximus where subcutaneous tissue may have attenuated the EMG signal.  It is also 
possible that subjects may not have given full effort during the MVIC contraction; untrained 
subjects who are not familiar with MVIC tasks may not be proficient at producing a true 
MVIC in an experimental setting; however, this would seem unlikely given the MVIC 
strength results.  Subjects instead may have interfered with the electrodes during the 
completion of the MVIC task such that the resulting amplitudes were decreased.  Subjects 
may have been additionally been hampered in the completion of the MVIC tasks by the use 
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of hand-held dynamometry owing to the lack of robust, dedicated strength-testing equipment 
in the testing laboratory; the MVIC exercises employed for the normalization procedure may 
have been difficult to perform and thus the true level of MVIC activation may not have been 
captured.  The MVIC normalization procedure also possesses relatively high between-day 
variability.  Yang and Winter found that EMG normalization to MVIC EMG data per unit of 
MVIC force has a between-day variability of 12% to 16%[166].  This may be an 
underestimate of the variability for the MVIC normalization procedure employed in this 
study as MVIC force was not included. 
Regardless of the etiology, it is possible that a different normalization technique 
could be employed on the data in order to generate more meaningful results. The MVIC 
normalization procedure employed in this study used a two-second period for MVIC EMG 
amplitude averaging; different time periods for averaging, particularly shorter periods such as 
500 msec, may be used to capture the duration of greatest activation, and may produce more 
meaningful results.  Another normalization technique involves the use of an internal mean 
peak value (e.g. the mean amplitude of the 10 greatest peaks) observed during a given trial.  
Internal mean peak normalization has previous been shown to produce greatly increased 
reliability compared to MVIC normalization procedures[167].  However, this technique is 
most often used when determining muscle activation timing and patterns rather than 
amplitudes.  This is due to the fact that the scaling procedure may be significantly different 
that that of the MVIC procedure.  For example, a subject may have small amplitudes and 
peaks in one trial and large amplitudes and peaks in a second trial, but as long as the mean 
peak and mean amplitude are of similar scale between the two trials, then the two trials 
would be treated as having the same relative amplitude of activation (See Appendix P).  If 
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these two trials were instead normalized to MVIC data, the first trial would be treated as 
having significantly lower relative amplitude compared to the second trial. Further analysis 
of this data using alternative techniques is ongoing. 
It is important to note that the means and standard deviations for the quadriceps 
muscles were more reasonable than for the other muscles.  This may be due to the various 
aforementioned factors: it is probable that the quadriceps electrodes were in positions that 
were less likely to be disturbed during the MVIC collection procedure, and the signals were 
less likely to be attenuated by intervening subcutaneous tissue.  If these data are to be held as 
valid, the study results are quite interesting.  Although the significant interaction effect 
observed in the quadriceps muscles were opposite to that of the study hypothesis, the results 
appear to conform to the results observed in the kinetic, kinematic, and muscle strength data.  
If muscle strength was increased and the relative level of muscle activation remained the 
same or increased, one would anticipate that this would serve to increase the muscle forces 
and moments acting at the joints and thus alter the kinetics and kinematics.  Previous studies 
have observed that early strength gains during resistance training are likely due to alterations 
in muscle activation parameters such as increased synchrony of motor unit activation during 
resistance training, as muscle hypertrophy is not observed until later periods of training[168, 
169].  Furthermore, studies have demonstrated increased EMG amplitudes subsequent to 
strength training[170, 171].   
However, no observed alterations in kinetics and kinematics were observed in this 
study despite a significant increase in muscle strength.  It is possible that the reduction of 
muscle activation as observed in the EMG served to attenuate the effects of an increased 
muscular capacity to generate forces and moments about the joints, thus maintaining the 
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same patterns of motion.  This possibility may have application to injury prevention 
programs in light of previous studies that have involved strength training in combination with 
other modalities to create programs which have been effective at altering neuromuscular 
characteristics and/or reducing ACL injury risk: increased strength on its own may not be 
able to alter how females perform athletic tasks, but rather needs to be combined with other 
modalities that alter muscle activation patterns, such as plyometrics[108].  This lack of 
motion pattern alterations subsequent to strength training was also observed by Trowbridge 
et. al. and McGinn et. al. in studies which were recently presented at the 2006 Gender Bias in 
ACL Injury Retreat in Lexington, KY[160, 161].  Neither study observed kinetic or 
kinematic differences in female recreational athletes during the completion of a variety of 
athletic tasks. However, neither study included EMG measurements; thus this study is the 
first to report on kinetic and kinematic combined with muscle activation data before and after 
a strength training program. 
The finding of decreased muscle activation in the quadriceps may also reduce injury 
risk despite the lack of alterations in subject kinetic and kinematic variables.  The findings in 
this study show that subjects are reducing muscle activation in order to maintain similar 
forces and torques about the joints of the lower extremity.  This is suggestive that these 
subjects are using a smaller percentage of their capacity to maintain these forces and torques; 
therefore, strength trained subjects may have an increased reserve capacity to generate force 
output and thus may be more resistant to fatigue.  As previously presented, fatigue has been 
recognized as a risk factor for athletic injury; therefore, if strength trained subjects are more 
resistant to fatigue and able to maintain force output required by athletic tasks without 
negatively impacting their neuromuscular profile, they may be at a reduced risk of injury.  
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Furthermore, previous investigations have prospectively shown that strength and 
conditioning is able decrease the risk of athletic injury[118, 119]; however, the mechanisms 
for the observed protective effects were not investigated. 
 
5.6 Comparisons of Different Subject Subsets 
 
 During the course of the study, first 11 subjects to enter the intervention group were 
brought back into the laboratory for data collection at the six week mark in order to 
determine their progression in muscle strength as well as to evaluate their kinetics and 
kinematics.  Significantly increased muscle strength was observed in all muscle groups, but 
unlike the results of the full study, significant differences were also observed in their kinetic 
and kinematic data.  This information served as the basis for an abstract that was submitted to 
the 2006 Gender Bias in ACL Injury Retreat in Lexington, KY (Appendix Q).  Additionally, 
data from the first 30 subjects (18 intervention subjects and 12 control subjects) who finished 
the subject was used for a second abstract which was submitted to the 2006 National Athletic 
Trainers Association Annual National Conference in Atlanta, CO (Appendix R).  This data 
also showed some significant differences in the kinetics and kinematics in the intervention 
group from baseline to follow-up unlike the results of the full data set; however, the 
intervention subjects were also significantly different from the control subjects at the baseline 
data collection time point. 
 In effort to investigate these contradictions between the data sets, it was observed that 
the first subjects who enrolled in the intervention group were primarily graduate students.  
Based on tester observation, the graduate (i.e. generally older) participants in the study were 
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much weaker relative to the undergraduate (i.e. generally younger) participants who were 
more evenly split between both cohorts. This presents the possibility that there was an effect 
due to the initial muscular strength of the subjects, or possibly due to the higher percentage 
strength gains that these subjects generally achieved compared to the other intervention 
subjects during the course of the strength training program (See Table 5.6.1 and 5.6.2).   
 Preliminary post-hoc analyses were conducted in order to investigate these possible 
relationships.  An independent-samples t-test revealed that significant differences in initial 
muscle strength existed between the 11 early-entrant intervention subjects who comprised the 
2006 Gender Bias in ACL Injury Retreat abstract and the remaining late-entrant intervention 
subjects (p<.05 for all muscles; Table 5.6.1). Independent-samples t-tests were used to test 
for significant kinetic and kinematic differences between all subjects whose strength at 
baseline was in the bottom third for all four muscle groups and all subjects whose strength at 
baseline was in the top third (See Tables 5.6.2 and 5.6.3).  No significant differences were 
observed for any of variables (p>.05 for all dependent variables, SeeTable 5.6.4). 
 Additional categorization strategies in terms of muscular strength are possible.  The 
initial strategies employed to this point rely on averaging the muscle strength or strength 
gains of all the muscle groups together, but it should be noted that this assumes that there is 
no weighing factor and that each muscle should be treated equally.  Trends may exist that are 
dependent on the strength of individual muscle groups or different permutations of the 
muscle groups; however, at this time is appears that the differences reported in the abstracts 
which were based upon these initial groups may be due to type-I error, or may be based upon 
a relatively weak relationship between muscle strength and biomechanics. Pearson’s 
correlations were performed between the changes of select kinetic and kinematic variable 
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from baseline to follow-up versus the strength increases of the targeted muscled (See Table 
5.6.5). The weak correlations that were found would seem to underscore this possibility. 
 As part of a side project which is not a component of this dissertation, the kinetics 
and kinematics of the non-dominant limb of several subjects were compared to the dominant 
limb.  Three different grouping criteria based on muscle strength imbalances were used: non-
dominant gluteus medius strength that was 85% of the strength of the dominant side (N=10), 
non-dominant quadriceps strength that was 85% of the strength of the dominant side (N=10), 
and a control group with no muscle imbalances between the dominant and non-dominant 
limbs in any of the four tested muscle groups (N=19).  Dependent-samples t-tests showed 
significant differences in the kinetics and kinematics between the dominant and non-
dominant sides of the control group (p<.03 for all variables).  The non-dominant limb 
appeared to possess a better kinetic and kinematic profile than the dominant leg; although the 
non-dominant limb displayed increased knee valgus and hip adduction angles, the non-
dominant side possessed decreased knee anterior shear force, knee extension moment, and 
knee valgus moment, as well as increase knee flexion angle, hip flexion angle, and hip 
flexion and abduction moments.   
However, this was not the case when comparing the non-dominant and dominant 
limbs in the two groups that possessed muscle imbalances; instead, the non-dominant limb 
was more similar to the dominant limb.  Even when the two strength imbalance groups were 
combined, the overall kinetics and kinematics of the two lower extremities appeared to be 
more similar than those of the control group.  Furthermore, independent-samples t-tests were 
conducted between the dominant lower extremity of the control group and the dominant 
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lower extremity of the combined muscle imbalance groups and showed that the overall 
kinetics and kinematics of the dominant limbs of the two groups appeared to be similar.   
These findings suggest that muscle strength may play a role within subjects between 
the lower extremities.  Taking the significant differences observed in the control group as the 
“normal” condition for recreational athletes, it appears that subjects have better levels of 
neuromuscular control with their non-dominant limb, possibly owing to its more common 
use as the stance limb for activities such as kicking and running jumps.  However, when a 
strength imbalance exists such that the non-dominant side is weaker, the non-dominant lower 
extremity’s kinetic and kinematic profile may become worse such that it is similar to the 
dominant side.  This occurs even though the subjects are presumably already functioning 
with a higher degree of competency relative to the dominant side during the completion of 
the athletic task.  These investigations are preliminary and further comparison of the groups 
is warranted, but the initial findings are suggestive of a relationship between muscle strength 
and kinetics/kinematics similar to those detailed in the previously-described abstracts. 
 
5.7 Future Directions 
 
 As previously described, the results observed in this study indicate that strength 
training as a single modality is not sufficient to induce alterations in the neuromuscular 
characteristics of female athletes during a game-like athletic task.  However, these results can 
only be applied to the method of strength training that was employed in this study.  The 
strength training program featured exercises that were focused on a single muscle group to 
the most practical extent, and used concentric contractions at relatively slow contraction 
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rates.  It is possible that other strength training strategies could have a differential effect.  For 
example, a strength training program could be tailored to focus on the types of contractions 
that used in jumping/cutting maneuvers.  This strategy would include eccentric gluteus 
medius, gluteus maximus, and quadriceps contractions, as well as concentric hamstrings 
contractions.  However, it is important to note that such eccentric exercises may require a 
significantly greater investment in exercise equipment than that used in this study in order to 
safely implement the program. Furthermore, these contraction types may not be appropriate 
for other types of injury risk prevention. For example, eccentric contraction strength is 
thought to be important for preventing hamstring muscle strains. 
 Another approach may be to increase the rates of contraction of the exercises.  The 
contraction rates employed in the current study were relatively slow (approximately 60 to 90 
degrees/sec); however, the types of contraction rates experienced in athletic tasks are often 
much higher.  Thus, it may stand to reason that the exercises should be tailored to better fit 
the task demands.  A higher contraction rate has the further possible benefit of creating a 
significant increase in strength over a short period per exercise bout.  Finally, it should be 
noted that plyometrics training has been shown to be able to alter neuromuscular 
characteristics in female athletes. Plyometrics focuses on technique, the stretch reflex 
response, and explosive (i.e. high rate of muscle contraction) motions.  A resistance exercise 
program employing high rates of muscle contraction may function similar to plyometrics 
training and be able to achieve an effect. 
 Other strength training possibilities include using more functional multi-joint 
exercises, including squats and lunges.  This may provide a better opportunity for multi-joint 
and multi-muscle synchrony than with the focused and simple exercises used in this study.  
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Trowbridge et. al. and McGinn et. al. employed this approach to strength training and did not 
see any effects[160, 161]; however, those studies are limited by a short duration (6 weeks).  
McGinn et. al. was further limited by a small sample size (N=8 intervention subjects and 
N=7 controls) and in the case of Trowbridge et. al., no evaluation of strength was made 
before or after the strength training program in order to ensure that subjects’ strength had 
significantly increased. Another possible strategy may be to use exercise strategies which 
alter muscle torque curves to better accommodate the neuromuscular characteristics observed 
in female athletes.  For example, a recent study by Allen et. al. has shown that an eccentric 
hamstrings strength training exercise (Nordic Curls) altered the hamstrings force/muscle 
length curve[172].  After training, subjects possessed a peak hamstrings torque at a 
significantly lower knee flexion angle.  Female athletes tend to perform athletic tasks in a 
more extended position at the knee[21, 25, 100], thus placing the ACL-agonist hamstrings at 
a mechanical disadvantage relative to the ACL-antagonist quadriceps[44, 75].  Moving the 
peak torque of the hamstrings to a longer muscle length (i.e. lower knee flexion angle) may 
serve to reduce the comparative advantage of the quadriceps and reduce the strain on the 
ACL. 
 The effects of strength training on other populations should also be investigated.  
Generalization of the results in the present study to other populations may be limited.  This 
may be particularly true for pubescent athletes.  As previously detailed, pre-pubescent male 
and female athletes tend to have similar neuromuscular characteristics as well as similar rates 
of non-contact ACL injury; however, gender differences in both neuromuscular 
characteristics and injury rates appear with the onset of puberty[89-92].  It has also been 
noted that pubescent males tend to have strength increases commiserate with their increases 
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in mass, while females tend to have strength gains that lag their growth rates[93, 94].  It is 
possible that females adopt altered neuromuscular characteristics to compensate for the loss 
of relative strength during this period, and those motion patterns are maintained throughout 
maturity despite any subsequent strength gains due to strength training programs such as 
used in this study.  However, if females were strength trained during pubescence in order to 
maintain relative strength levels, it is possible that pubescent females will not need to adopt 
compensatory motion patterns and thus will not be at increased risk for ACL injury. 
 Another line of future research is to evaluate the role of strength training in 
combination with other ACL injury prevention modalities.  This study indicates that strength 
training is not a sufficient modality for the induction of alterations in the neuromuscular 
characteristics; however, muscle strength may be a necessary modality for the induction of 
alterations in the neuromuscular characteristics in conjunction with other training modalities.  
Muscle strength alone may not be enough to alter neuromuscular characteristics because use 
of greater strength capacity must be affected by appropriate muscle activation timing and 
amplitude.  Evidence of this possibility may be seen in the results of this study.  Although a 
dramatic increase in muscle strength was observed in the subjects in the current study, the 
EMG amplitudes of those muscles tended to show a reduced level of activation.  Had the 
muscle activation of these strengthened muscles remained the same or increased, it is 
possible that neuromuscular alterations would have been observed.   
Conversely, other modalities may be sub-optimal as injury prevention measures since 
a lack of appropriate muscle strength may serve to retard or prohibit neuromuscular 
alterations. Evidence of this possibility may be seen in the previous literature.  Reducing the 
relative strength of a subject by acute fatigue or by acutely increasing body mass index 
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served to shift the neuromuscular characteristics in both male and female athletes toward 
profiles that would suggest an increased risk of injury[100, 101, 155, 173].  This effect may 
also be observed in children undergoing puberty: as their mass increases, males tend to 
increase their relative strength to a greater degree than females and tend to improve their 
performance of athletic tasks[89-92].  This coincides with the period during which significant 
gender differences in neuromuscular characteristics and in ACL injury risk is observed[14, 
87, 88].  In considering the previous literature in combination with the results of the current 
study, it appears that strength may be a necessary, but not sufficient, modality for ACL injury 
prevention.  In other words, strength increases do not lead to an effect, but strength 
decreases, such as those due to fatigue and increased non-lean body mass, adversely affect 
motion patterns.  Future studies are necessary in order to determine how strength works in 
concert with other training modalities, such as balance, technique, and plyometrics training.
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CHAPTER VI 
CONCLUSIONS 
 
 Strength training did not have a significant effect on the kinetics and kinematics of 
female recreational athletes, and possibly resulted in a decrease in the level of activation of 
the vastus lateralis, vastus medialis, and rectus femoris during the preparatory phase and of 
the vastus lateralis during the landing phase.  Although muscle strength increased 
significantly from both statistical and clinical standpoints, it is possible that a reduced or lack 
of appropriate muscle activation strategies effectively squandered this increased capacity for 
muscle force/torque output, thus subjects were not able to alter the forces and moments 
occurring at the joints and therefore alter their motion patterns.  These results indicate that 
strength training as a single modality is not sufficient to induce neuromuscular alterations in 
female recreational athletes and thus not effective at preventing non-contact ACL injuries.  
The study design does not indicate whether or not strength training is a necessary component 
for ACL injury prevention programs; however, the results of this study in combination with 
the previous literature regarding the effects of fatigue indicate that strength training may be a 
necessary component to achieve maximal efficacy via other modalities.  Furthermore, the 
results of this study are limited to this college-aged female recreational athlete population 
and to the muscle strength strategy that was employed.  Future study on the effects of 
different types of strength training programs, on different subject populations, and in 
conjunction with other intervention modalities is needed.
 TABLE 4.1.1: Subject Age at Baseline (years) 
 
 
    Time 
   Baseline 
Intervention 22.47±2.25 Group 
Control 22.53±3.81 
    22.51±3.59 
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 TABLE 4.1.2: Subject Height at Baseline (m) 
 
 
    Time 
   Baseline 
Intervention 1.67±.07 Group 
Control 1.66±.06 
    1.66±.06 
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 TABLE 4.1.3: Subject Mass (kg) 
 
 
    Time   
   Baseline Follow-up   
Intervention 63.52±9.18 64.10±9.03 63.81±9.04 Group 
Control 61.05±8.35 62.13±7.34 61.59±7.82 
    62.28±8.80 63.12±8.23   
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TABLE 4.2.1: Quadriceps MVIC Strength (newtons/kg) 
 
 
    Time   
   Baseline Follow-up   
Intervention 5.15±1.45 7.45±1.54‡ 6.30±1.88† Group 
Control 5.13±1.03 4.92±.96 5.02±.99 
    5.14±1.25 6.18±1.80*   
 
- * = Significantly greater with respect to time at p value equal to .05 
- † = Significantly greater with respect to group at p value equal to .05 
- ‡ = Significantly greater with respect to the Intervention Group at Baseline, the Control  
  Group at Baseline, and the Control Group at Follow-up at p value equal to .05
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 TABLE 4.2.2: Gluteus Medius MVIC Strength (newtons/kg) 
 
 
    Time   
   Baseline Follow-up   
Intervention 4.77±1.03 6.46±.98‡ 5.62±1.31† Group 
Control 4.66±.82 4.55±.77 4.61±.79 
    4.72±.93 5.51±1.30*   
 
- * = Significantly greater with respect to time at p value equal to .05 
- † = Significantly greater with respect to group at p value equal to .05 
- ‡ = Significantly greater with respect to the Intervention Group at Baseline, the Control  
  Group at Baseline, and the Control Group at Follow-up at p value equal to .05
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 TABLE 4.2.3: Gluteus Maximus MVIC Strength (newtons/kg) 
 
 
    Time   
   Baseline Follow-up   
Intervention 3.29±.56 4.88±.63‡ 4.08±1.00† Group 
Control 3.33±.52 3.42±.50 3.38±.51 
    3.31±.54 4.15±.93*   
  
- * = Significantly greater with respect to time at p value equal to .05 
- † = Significantly greater with respect to group at p value equal to .05 
- ‡ = Significantly greater with respect to the Intervention Group at Baseline, the Control  
  Group at Baseline, and the Control Group at Follow-up at p value equal to .05
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 TABLE 4.2.4: Hamstrings MVIC Strength (newtons/kg) 
 
 
    Time   
   Baseline Follow-up   
Intervention 3.04±.54 4.17±.50‡ 3.60±.77† Group 
Control 3.00±.59 2.98±.50 2.99±.54 
    3.02±.56 3.57±.78*   
 
- * = Significantly greater with respect to time at p value equal to .05 
- † = Significantly greater with respect to group at p value equal to .05 
- ‡ = Significantly greater with respect to the Intervention Group at Baseline, the Control  
  Group at Baseline, and the Control Group at Follow-up at p value equal to .05
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 TABLE 4.2.5: Approach Velocity (m/sec) 
 
 
    Time   
   Baseline Follow-up   
Intervention 2.15±.29 2.19±.25 2.17±.27 Group 
Control 2.06±.24 2.11±.27 2.11±.27 
    2.12±.27 2.16±.27   
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 TABLE 4.2.6: Jump Velocity (m/sec) 
 
 
    Time   
   Baseline Follow-up   
Intervention 2.39±.20 2.28±.22 2.34±.21 Group 
Control 2.36±.28 2.31±.27 2.34±.27 
    2.38±.24 2.30±.24*   
 
- * = Significantly less with respect to time at p value equal to .05 
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 TABLE 4.2.7: Knee Flexion Angle (degrees) 
 
 
    Time   
   Baseline Follow-up   
Intervention 29.26±6.29 27.77±8.86 28.51±7.66 Group 
Control 26.36±5.98 27.20±5.36 26.78±5.65 
    27.78±6.26 27.48±7.24   
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 TABLE 4.2.8: Knee Valgus(-)/Varus(+) Angle (degrees) 
 
 
    Time   
   Baseline Follow-up   
Intervention .33±3.72 .27±3.8 .30±3.74 Group 
Control -.29±4.53 -.68±3.35 -.48±3.95 
    .01±4,13 -.21±3.58   
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 TABLE 4.2.9: Hip Flexion Angle (degrees) 
 
 
    Time   
   Baseline Follow-up   
Intervention 46.34±11.84 44.97±13.29 45.65±12.5 Group 
Control 42.71±10.68 44.91±9.51 43.81±10.10 
    44.50±11.33 44.94±11.43   
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TABLE 4.2.10: Vertical Ground Reaction Force (BW) 
 
 
    Time   
   Baseline Follow-up   
Intervention 2.40±.70 2.37±.65 2.39±.67 Group 
Control 2.37±.78 2.33±.73 2.34±.74 
    2.38±.73 2.34±.68   
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 TABLE 4.2.11: Knee Anterior Tibial Shear Force (BW) 
 
 
    Time   
   Baseline Follow-up   
Intervention .513±.201 .494±.190 .503±.194 Group 
Control .469±.187 .414±.169 .442±.179 
    .491±.193 .453±.183   
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 TABLE 4.2.12: Knee Extension Moment (BW*BH) 
 
 
    Time   
   Baseline Follow-up   
Intervention -.195±.061 -.188±.055 -.191±.058 Group 
Control -.172±.049 -.170±.043 -.171±.046 
    -.183±.056 -.179±.050   
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 TABLE 4.2.13: Knee Valgus(-)/Varus(+) Moment (BW*BH) 
 
 
    Time   
   Baseline Follow-up   
Intervention -.110±.057 -.114±.062 -.112±.059 Group 
Control -.094±.043 -.100±.057 -.097±.050 
    -.102±.051 -.107±.060   
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 TABLE 4.2.14: Hip Abduction(-)/Adduction(+) Moment (BW*BH) 
 
 
    Time   
   Baseline Follow-up   
Intervention .118±.059 .126±.055 .122±.057 Group 
Control .104±.061 .102±.072 .103±.067 
    .111±.060 .114±.065   
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TABLE 4.2.15: Hip Internal(+)/External(-) Rotation Moment (BW*BH) 
 
 
    Time   
   Baseline Follow-up   
Intervention .002±.045 -.005±.046 -.001±.045 Group 
Control .002±.044 .011±.037 .006±.041 
    .002±.044 .003±.042   
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TABLE 4.2.16: Preparatory Phase Gluteus Medius Average EMG Amplitude 
 
 
    Time   
   Baseline Follow-up   
Intervention .628±.660 .459±.552 0.544±.610 Group 
Control .593±.491 .808±.944 .701±.754 
    0.611±.578 .634±.787   
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TABLE 4.2.17: Preparatory Phase Gluteus Maximus Average EMG Amplitude  
 
 
    Time   
   Baseline Follow-up   
Intervention 2.446±2.892 .777±2.359 1.611±2.750 Group 
Control 2.202±2.028 1.562±2.700 1.882±2.391 
    2.324±2.481 1.169±2.546*   
  
- * = Significantly less with respect to time at p value equal to .05 
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TABLE 4.2.18: Preparatory Phase Biceps Femoris Average EMG Amplitude  
 
    Time   
   Baseline Follow-up   
Intervention .907±1.287 .266±.186 .586±.968 Group 
Control .593±.474 .852±2.768 .7223±1.975 
    .749±.975 .559±1.969   
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TABLE 4.2.19: Preparatory Phase Medial Hamstrings Average EMG Amplitude  
 
 
    Time   
   Baseline Follow-up   
Intervention 3.112±13.530 .360±.279 1.736±9.603 Group 
Control .598±.581 .791±1.220 .695±.95312 
    1.855±9.593 .576±.905   
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TABLE 4.2.20: Preparatory Phase Vastus Lateralis Average EMG Amplitude  
 
    Time   
   Baseline Follow-up   
Intervention .483±.221 .329±.182† .406±.215 Group 
Control .412±.149 .406±.204 .409±.177 
    .448±.190 .367±.195*   
  
- * = Significantly less with respect to time at p value equal to .05 
- † = Significantly less with respect to the Intervention Group at Baseline, the Control  
  Group at Baseline, and the Control Group at Follow-up at p value equal to .05
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TABLE 4.2.21: Preparatory Phase Vastus Medialis Average EMG Amplitude  
 
    Time   
   Baseline Follow-up   
Intervention .444±.220 .308±.157* .376±.202 Group 
Control .426±.170 .450±.214 .438±.193 
    .435±.196 .379±.199   
  
- * = Significantly less with respect to the Intervention Group at Baseline, the Control  
  Group at Baseline, and the Control Group at Follow-up at p value equal to .05
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TABLE 4.2.22: Preparatory Phase Rectus Femoris Average EMG Amplitude  
 
 
    Time   
   Baseline Follow-up   
Intervention .410±.222 .312±.179* .361±.206 Group 
Control .413±.179 .419±.223 .416±.200 
    .412±.200 .365±.207   
  
- * = Significantly less with respect to the Intervention Group at Baseline, the Control  
  Group at Baseline, and the Control Group at Follow-up at p value equal to .05
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TABLE 4.2.23: Preparatory Phase Quadriceps:Hamstrings Ratio Average EMG 
Amplitude  
 
    Time   
   Baseline Follow-up   
Intervention 1.425±1.774 .956±1.580 1.191±1.684 Group 
Control 1.096±1.119 .869±.577 .983±.891 
    1.261±1.481 .913±1.181   
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TABLE 4.2.24: Landing Phase Gluteus Medius Average EMG Amplitude  
 
 
    Time   
   Baseline Follow-up   
Intervention 1.651±1.308 2.010±3.384 1.875±2.555 Group 
Control 1.926±1.796 3.336±8.573 2.626±6.187 
    1.784±1.564 2.718±6.497   
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TABLE 4.2.25: Landing Phase Gluteus Maximus Average EMG Amplitude  
 
 
    Time   
   Baseline Follow-up   
Intervention 10.443±11.971 4.576±16.227 7.509±14.441 Group 
Control 9.181±9.291 4.186±4.106 6.683±7.559 
    9.812±10.635 4.381±11.745   
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TABLE 4.2.26: Landing Phase Biceps Femoris Average EMG Amplitude  
 
 
    Time   
   Baseline Follow-up   
Intervention 2.252±4.618 .909±1.591 1.581±3.493 Group 
Control 1.696±3.064 1.619±4.179 1.657±3.636 
  
  1.934±3.898 1.264±3.158   
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TABLE 4.2.27: Landing Phase Medial Hamstrings Average EMG Amplitude  
 
    Time   
   Baseline Follow-up   
Intervention 1.283±1.121 .646±.472 .946±.912 Group 
Control 1.101±1.169 1.160±2.293 1.131±1.807 
    1.192±1.141 .903±1.663   
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TABLE 4.2.28: Landing Phase Vastus Lateralis Average EMG Amplitude  
 
    Time   
   Baseline Follow-up   
Intervention 2.731±2.193 1.643±1.011† 2.188±1.781 Group 
Control 2.219±.746 2.237±1.091 1.131±1.807 
    2.475±1.646 1.940±1.085*   
  
- * = Significantly less with respect to time at p value equal to .05 
- † = Significantly less with respect to the Intervention Group at Baseline, the Control  
  Group at baseline, and the Control Group at Follow-up at p value equal to .05
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TABLE 4.2.29: Landing Phase Vastus Medialis Average EMG Amplitude  
 
 
    Time   
   Baseline Follow-up   
Intervention 2.196±1.251 1.710±1.221 1.958±1.249 Group 
Control 2.312±1.595 2.469±1.868 2.391±1.725 
    2.254±1.423 2.095±1.610   
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TABLE 4.2.30: Landing Phase Rectus Femoris Average EMG Amplitude  
 
    Time   
   Baseline Follow-up   
Intervention 1.545±.942 1.389±1.096 1.467±1.017 Group 
Control 1.674±.887 1.705±1.706 1.689±1.349 
    1.609±.910 1.547±1.432   
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TABLE 4.2.31: Landing Phase Quadriceps:Hamstrings Ratio Average EMG Amplitude  
 
    Time   
   Baseline Follow-up   
Intervention .698±1.193 .385±.494 .542±.919 Group 
Control .499±.582 .518±1.127 .509±.889 
    .599±.937 .452±.866   
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TABLE 4.3.1: Subject Anthropoemetrics Repeated Measures ANOVA Results 
 
Test Measure F Sig. Partial Eta Squared Observed Power 
Group Age 0.009 0.926 0.000 0.051 
 Mass 1.082 0.306 0.033 0.172 
 Height 0.349 0.559 0.011 0.088 
Time Mass 2.933 0.096 0.084 0.383 
Group * Time Mass 0.244 0.625 0.008 0.077 
 
 - * = Significant at p value equal to .05
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TABLE 4.3.2: Muscle Strength Repeated Measures ANOVA Results 
 
Test Measure F Sig. Partial Eta Squared Observed Power 
Group Q 28.100 0.000* 0.468 0.999 
  MED 30.486 0.000* 0.488 1.000 
  MAX 64.253 0.000* 0.668 1.000 
  H 32.666 0.000* 0.505 1.000 
Time Q 61.583 0.000* 0.658 1.000 
  MED 97.049 0.000* 0.752 1.000 
  MAX 129.654 0.000* 0.802 1.000 
  H 62.463 0.000* 0.661 1.000 
Group * Time Q 75.294 0.000* 0.702 1.000 
  MED 97.527 0.000* 0.753 1.000 
  MAX 101.864 0.000* 0.761 1.000 
  H 107.391 0.000* 0.770 1.000 
 
- Q=Quadriceps 
  MED = Gluteus Medius 
  MAX = Gluteus Maximus 
  H = Hamstrings 
- * = Significant at p value equal to .05
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TABLE 4.3.3: Kinematic Data Repeated Measures ANOVA Results 
 
Test Measure F Sig. Partial Eta Squared Observed Power 
Group KVAL 1.017 0.321 0.032 0.165 
  KFLX 1.607 0.214 0.049 0.233 
  HFLX 0.623 0.436 0.020 0.119 
  AV 2.279 0.141 0.068 0.310 
  JV 0.001 0.976 0.000 0.050 
Time KVAL 0.069 0.794 0.002 0.057 
  KFLX 0.171 0.682 0.005 0.069 
  HFLX 0.157 0.694 0.005 0.067 
  AV 1.872 0.181 0.057 0.264 
  JV 13.313 0.001* 0.300 0.942 
Group * Time KVAL 0.034 0.856 0.001 0.054 
  KFLX 1.485 0.232 0.046 0.219 
  HFLX 2.732 0.108 0.081 0.360 
  AV 0.025 0.875 0.001 0.053 
  JV 1.482 0.233 0.046 0.218 
 
- KVAL = Knee Valgus Angle 
  KFLX = Knee Flexion Angle, 
  HFLX = Hip Flexion Angle 
  AV = Approach Velocity 
  JV = Jump Velocity 
- * = Significant at p value equal to .05
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TABLE 4.3.4: Kinetic Data Repeated Measures ANOVA Results 
 
Test Measure F Sig. Partial Eta Squared Observed Power 
Group VGRF 0.882 0.355 0.028 0.149 
  KASF 2.742 0.108 0.081 0.361 
  KVALM 1.376 0.250 0.042 0.206 
  KFLXM 3.412 0.074 0.099 0.433 
  HABM 1.395 0.247 0.043 0.208 
  HIRM 0.816 0.373 0.026 0.141 
Time VGRF 0.038 0.846 0.001 0.054 
  KASF 2.591 0.118 0.077 0.345 
  KVALM 0.517 0.478 0.016 0.107 
  KFLXM 0.510 0.481 0.016 0.106 
  HABM 0.268 0.608 0.009 0.079 
  HIRM 0.080 0.779 0.003 0.059 
Group * Time VGRF 0.384 0.540 0.012 0.092 
  KASF 0.973 0.332 0.030 0.159 
  KVALM 0.004 0.953 0.000 0.050 
  KFLXM 0.103 0.750 0.003 0.061 
  HABM 0.410 0.527 0.013 0.095 
  HIRM 1.330 0.258 0.041 0.201 
 
- VGRF = Vertical Ground Reaction Force 
  KASF = Knee Anterior Shear Force 
  KVALM = Knee Valgus/Varus Moment 
  KFLX = Knee Flexion/Extension Moment 
  HABM = Hip Adduction/Abduction Moment 
  HIRM = Hip Internal/External Rotation Moment 
- * = Significant at p value equal to .05
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TABLE 4.3.5: Preparatory Phase EMG Data Repeated Measures ANOVA Results  
 
Test Measure F Sig. Partial Eta Squared Observed Power 
Group GMED 1.392 0.247 0.042 0.208 
  GMAX 0.324 0.573 0.010 0.086 
  BF 0.230 0.635 0.007 0.075 
  SMST 0.759 0.390 0.023 0.135 
  VL 0.007 0.932 0.000 0.051 
  VM 2.495 0.124 0.072 0.335 
  RF 1.544 0.223 0.046 0.226 
  Q:H 0.504 0.483 0.016 0.106 
Time GMED 0.039 0.845 0.001 0.054 
  GMAX 7.806 0.009* 0.196 0.773 
  BF 0.485 0.491 0.015 0.104 
  SMST 1.188 0.284 0.036 0.185 
  VL 5.791 0.022* 0.153 0.646 
  VM 3.857 0.058 0.108 0.478 
  RF 2.878 0.099 0.083 0.377 
  Q:H 0.839 0.367 0.026 0.144 
Group * Time GMED 3.109 0.087 0.089 0.402 
  GMAX 1.357 0.253 0.041 0.204 
  BF 3.192 0.083 0.091 0.410 
  SMST 1.530 0.225 0.046 0.224 
  VL 6.957 0.013* 0.179 0.725 
  VM 11.255 0.002* 0.260 0.902 
  RF 7.363 0.011* 0.187 0.749 
  Q:H 1.720 0.199 0.051 0.246 
  
- GMED = Gluteus Medius, GMAX = Gluteus Maximus, BF = Bicep Femoris, 
  SMST = Medial Hamstrings, VL = Vastus Lateralis, VM = Vastus Medialis, 
  RF = Rectus Femoris, Q:H = Quadriceps to Hamstrings Ratio 
- * = Significant at p value equal to .05
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TABLE 4.3.6: Landing Phase EMG Data Repeated Measures ANOVA Results 
 
Test Measure F Sig. Partial Eta Squared Observed Power 
Group GMED 0.762 0.389 0.023 0.135 
  GMAX 1.001 0.324 0.030 0.163 
  BF 0.014 0.907 0.000 0.051 
  SMST 1.329 0.257 0.040 0.201 
  VL 0.031 0.862 0.001 0.053 
  VM 3.316 0.078 0.094 0.423 
  RF 1.289 0.265 0.039 0.196 
  Q:H 1.684 0.204 0.050 0.242 
Time GMED 1.260 0.270 0.038 0.193 
  GMAX 1.009 0.323 0.031 0.164 
  BF 1.316 0.260 0.040 0.200 
  SMST 1.853 0.183 0.055 0.262 
  VL 4.258 0.047* 0.117 0.517 
  VM 0.490 0.489 0.015 0.104 
  RF 0.135 0.716 0.004 0.065 
  Q:H 0.026 0.874 0.001 0.053 
Group * Time GMED 0.343 0.562 0.011 0.088 
  GMAX 1.001 0.325 0.030 0.163 
  BF 1.055 0.312 0.032 0.169 
  SMST 1.839 0.185 0.054 0.260 
  VL 6.594 0.015* 0.171 0.702 
  VM 1.982 0.169 0.058 0.277 
  RF 0.210 0.650 0.007 0.073 
  Q:H 0.036 0.851 0.001 0.054 
 
- GMED = Gluteus Medius, GMAX = Gluteus Maximus, BF = Bicep Femoris, 
  SMST = Medial Hamstrings, VL = Vastus Lateralis, VM = Vastus Medialis, 
  RF = Rectus Femoris, Q:H = Quadriceps to Hamstrings Ratio 
- * = Significant at p value equal to .05 
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TABLE 4.4.1: Post-Hoc Comparisons of Muscle Strength Interaction Effects 
 
Pairwise Comparison t df 
Sig. (2-
tailed) 
QI1 - QI2 -10.434 32 0.000* 
QI1 - QC1 0.129 32 0.898 
QI1 - QC2 0.968 32 0.340 
QI2 - QC1 7.853 32 0.000* 
QI2 - QC2 8.912 32 0.000* 
QC1 - QC2 1.250 32 0.220 
MEDI1 - MEDI2 -12.453 32 0.000* 
MEDI1 - MEDC1 0.634 32 0.531 
MEDI1 - MEDC2 1.315 32 0.198 
MEDI2 - MEDC1 8.330 32 0.000* 
MEDI2 - MEDC2 9.771 32 0.000* 
MEDC1 - MEDC2 1.033 32 0.309 
MAXI1 - MAXI2 -12.907 32 0.000* 
MAXI1 - MAXC1 -0.430 32 0.670 
MAXI1 - MAXC2 -1.177 32 0.248 
MAXI2 - MAXC1 12.128 32 0.000* 
MAXI2 - MAXC2 11.078 32 0.000* 
MAXC1 - MAXC2 -0.944 32 0.352 
HI1 - HI2 -12.950 32 0.000* 
HI1 - HC1 0.404 32 0.689 
HI1 - HC2 0.383 32 0.704 
HI2 - HC1 8.864 32 0.000* 
HI2 - HC2 9.640 32 0.000* 
HC1 - HC2 0.000 32 1.000 
 
- Q=Quadriceps, MED = Gluteus Medius, MAX = Gluteus Maximus, H = Hamstrings 
- I1 = Intervention Group at Baseline, I2 = Intervention Group at Follow-up, 
  C1 = Control Group at Baseline, C2 = Control Group at Follow-up 
- * = Significant at a Bonferroni-corrected p value equal to .008 
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TABLE 4.4.2: Post-Hoc Comparisons of EMG Interaction Effects  
 
Pairwise Comparison t df 
Sig. (2-
tailed) 
Preparatory Phase     
VLI1 - VLI2 3.360 32 0.002* 
VLI1 - VLC1 1.873 32 0.070 
VLI1 - VLC2 1.524 32 0.137 
VLI2 - VLC1 -1.878 32 0.070 
VLI2 - VLC2 -1.557 32 0.129 
VLC1 - VLC2 0.150 32 0.882 
VMI1 - VMI2 3.635 32 0.001* 
VMI1 - VMC1 0.385 32 0.703 
VMI1 - VMC2 -0.109 32 0.914 
VMI2 - VMC1 -2.887 32 0.007* 
VMI2 - VMC2 -3.025 32 0.005* 
VMC1 - VMC2 -0.633 32 0.531 
RFI1 - RFI2 3.143 32 0.004* 
RFI1 - RFC1 -0.053 32 0.958 
RFI1 - RFC2 -0.140 32 0.890 
RFI2 - RFC1 -2.333 32 0.026 
RFI2 - RFC2 -2.106 32 0.043 
RFC1 - RFC2 -0.165 32 0.870 
Landing Phase     
VLI1 - VLI2 2.846 32 0.008* 
VLI1 - VLC1 1.413 32 0.167 
VLI1 - VLC2 1.139 32 0.263 
VLI2 - VLC1 -2.556 32 0.016 
VLI2 - VLC2 -2.307 32 0.028 
VLC1 - VLC2 -0.083 32 0.934 
 
- VL = Vastus Lateralis, VM = Vastus Medialis, RF = Rectus Femoris 
- I1 = Intervention Group at Baseline, I2 = Intervention Group at Follow-up, 
  C1 = Control Group at Baseline, C2 = Control Group at Follow-up 
- * = Significant at a Bonferroni-corrected p value equal to .008
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TABLE 5.2.1: Intervention Group Muscle Strength by Time from Baseline to Follow-
up (Newtons/BW) 
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- Q = Quadriceps 
  Gmed = Gluteus Medius 
  Gmax = Gluteus Maximus 
  H = Hamstrings 
- All significant at the Bonferroni-corrected p value of .008 
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TABLE 5.2.2: Percent Increase in Intervention MVIC Strength Relative to Baseline 
 
Intervention Group Percent Strength Gains
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- Q=Quadriceps 
  MED = Gluteus Medius 
  MAX = Gluteus Maximus 
  H = Hamstrings 
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TABLE 5.6.1: Muscle Strength of Early Entrant (N=10) vs. Late Entrant (N=23) 
Intervention Cohort Subjects (Newtons/BW) 
 
Muscle t df Sig. (2-tailed) 
Q 3.188 31 0.003* 
MED 2.120 31 0.042* 
MAX 2.605 31 0.014* 
H 2.841 31 0.008* 
 
- Q=Quadriceps 
  MED = Gluteus Medius 
  MAX = Gluteus Maximus 
  H = Hamstrings 
- * = Significant at p value equal to .05
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TABLE 5.6.2: Muscle Strength of Early Entrant (N=10) vs. Late Entrant (N=23) 
Intervention Cohort Subjects (Newtons/BW) 
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- Q = Quadriceps 
  Gmed = Gluteus Medius 
  Gmax = Gluteus Maximus 
  H = Hamstrings 
- All significant at a p value of .05 
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TABLE 5.6.3: Muscle Strength of Subjects in Bottom Third (N=9) vs. Top Third (N-12) 
of Strength for each Muscle Group (Newtons/BW) 
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- Q = Quadriceps 
  Gmed = Gluteus Medius 
  Gmax = Gluteus Maximus 
  H = Hamstrings 
  - All significant at a p value of .05 
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TABLE 5.6.4: ANOVA of Kinetics and Kinematics of Subjects in Bottom Third (N=9) 
vs. Top Third (N-12) of Strength for each Muscle Group (Newtons/BW) 
 
  t df 
Sig. (2-
tailed) 
Q -6.172 19 0.000* 
MED -5.776 19 0.000* 
MAX -5.952 19 0.000* 
H -5.997 19 0.000* 
KASF -1.296 19 0.210 
KVAL -1.614 19 0.122 
KFLX 0.491 19 0.628 
HFLX 0.493 19 0.628 
KVALM 0.637 19 0.531 
KFLXM -0.347 19 0.732 
HABM -0.451 19 0.657 
HIRM 1.084 19 0.291 
 
- Q = Quadriceps Strength 
  Gmed = Gluteus Medius Strength 
  Gmax = Gluteus Maximus Strength 
  H = Hamstrings Strength 
  KASF = Knee Anterior Shear Force 
  KVALM = Knee Valgus/Varus Moment 
  KFLXM = Knee Flexion/Extension Moment 
  HABM = Hip Adduction/Abduction Moment 
  HIRM = Hip Internal/External Rotation Moment 
  KVAL = Knee Valgus Angle 
  KFLX = Knee Flexion Angle 
  HFLX = Hip Flexion Angle 
- All significant at a p value of .05 
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TABLE 5.6.5: Pearson’s Correlations of Select Kinetic and Kinematic Variable 
Differences to Muscle Strength Increases 
 
 ΔQ ΔGMED ΔGMAX ΔH 
ΔKASF -0.125 -0.092 -0.025 -0.179 
ΔzGRF -0.110 0.125 -0.112 0.023 
ΔKVAL 0.096 -0.027 -0.110 0.061 
ΔKFLX 0.203 0.191 0.023 0.220 
ΔHAB -0.046 0.017 -0.157 0.047 
 
- ΔQ = Change in Quadriceps Strength from Baseline to Follow-up 
  ΔGmed = Change in Gluteus Medius Strength from Baseline to Follow-up 
  ΔGmax = Change in Gluteus Maximus Strength from Baseline to Follow-up 
  ΔH = Change in Hamstrings Strength from Baseline to Follow-up 
  ΔKASF = Change in Knee Anterior Shear Force from Baseline to Follow-up 
  ΔKVAL = Change in Knee Valgus Angle from Baseline to Follow-up 
  ΔKFLX = Change in Knee Flexion Angle from Baseline to Follow-up 
  ΔHAB = Change in Hip Abduction Angle from Baseline to Follow-up 
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APPENDIX A: Definition of the Landing Phase of the Stop-Jump Task 
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APPENDIX B: Power Analyses 
 
 
Power analyses were based on the assumption of an independent t-test for comparing 
males and females.  Power for kinematic and kinetic variables and electromyography 
variables are listed in Tables A1 and A2, respectively.  Based on these power analyses this 
study has excellent power to detect differences between the female cohorts in all but one of 
each of the dependent variables of this study (EMG amplitude for the Gluteus Medius).  It is 
noted that there is a distinct lack of available data in the literature regarding this variable in 
the population under study in this proposal. 60 total participants should have sufficient power 
to detect significant differences between 30 strength trained females and 30 female controls.  
These power calculations assume a two-sided Type I error rate of 5% (α=0.05) and Power of 
80% 
 
Sources 
1. Fagenbaum, Darling 2003 
2. Hewett, et. al. 1996 
3. Lephart, et. al, 2002 
4. Moisio, et. al. 2003 
5. Padua, et. al. (Unpublished Data from Sports Medicine Research Laboratory at UNC) 
6. Yu, Garrett, et. al. (Combined Published and Unpublished Data from Center for 
Human Movement Science at UNC) 
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Females 
Males/Trained 
Females 
Kinematic and 
Kinetic 
Variable Mean Mean SD Power Significance 
Sample 
Size 
Knee Flexion 
Angle3 18.95 30.35 13.82 0.8 0.05 24.069 
Trunk Flexion 
Angle5 13.35 24.9 13.32 0.8 0.05 21.881 
Vertical GRF2 2538 2082 525 0.8 0.05 21.811 
Anterior Tibial 
Shear Force6 0.3082 0.1488 0.2040 0.8 0.05 26.514 
Knee Valgus 
Moment2 4 1.9 1.8 0.8 0.05 12.57 
Knee Extension 
Moment6 0.135 0.019 0.15 0.8 0.05 27.243 
Hip Adduction 
Moment4 5.3 4.6 0.8 0.8 0.05 21.507 
Hip Internal 
Rotation 
Moment5 -11.6 -23.5 7.5 0.8 0.05 27.895 
Table A1.  Statistical power for detecting differences between males and females on 
kinematic and kinetic variables 
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 Females 
Males/Trained 
Females 
EMG Variables Mean Mean SD Power Significance 
Sample 
Size 
Quadriceps: 
Hamstrings5 1.6 2.1 0.4 0.8 0.05 11.094 
Gluteus 
Maximus5 138 173 39.7 0.8 0.05 21.507 
Gluteus Medius5 186 194 101 0.8 0.05 2503.036 
Quadriceps1 0.793 1.063 0.358 0.8 0.05 28.591 
Hamstrings1 0.8 1.1 0.3 0.8 0.05 16.715 
Table A2.  Statistical power for detecting differences between males and females on EMG 
variables. 
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APPENDIX C: Borg Rating of Perceived Exertion 
 
Instructions for Borg Rating of Perceived Exertion (RPE) Scale  
While doing physical activity, we want you to rate your perception of exertion. This feeling 
should reflect how heavy and strenuous the exercise feels to you, combining all sensations 
and feelings of physical stress, effort, and fatigue. Do not concern yourself with any one 
factor such as leg pain or shortness of breath, but try to focus on your total feeling of 
exertion. 
Look at the rating scale below while you are engaging in an activity; it ranges from 6 to 20, 
where 6 means "no exertion at all" and 20 means "maximal exertion." Choose the number 
from below that best describes your level of exertion. This will give you a good idea of the 
intensity level of your activity, and you can use this information to speed up or slow down 
your movements to reach your desired range. 
Try to appraise your feeling of exertion as honestly as possible, without thinking about what 
the actual physical load is. Your own feeling of effort and exertion is important, not how it 
compares to other people's. Look at the scales and the expressions and then give a number.  
6  No exertion at all 
7 
    Extremely light (7.5) 
8 
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9  Very light 
10 
11  Light 
12 
13  Somewhat hard 
14 
15  Hard (heavy) 
16 
17  Very hard 
18 
19  Extremely hard 
20  Maximal exertion 
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APPENDIX D: Institutional Review Board Subject Consent Form 
 
 
University of North Carolina-Chapel Hill 
Consent to Participate in a Research Study  
Adult Subjects  
Biomedical Form 
___________________________________________________________ 
IRB Study #_____________________  
Consent Form Version Date: __03/04/05___________ 
 
Title of Study: The Influence of Strength Training on the Neuromuscular Characteristics of 
a Stop-Jump Task 
 
Principal Investigator: Darin A. Padua, PhD, ATC 
UNC-Chapel Hill Department: Exercise and Sport Science (EXSS) 
UNC-Chapel Hill Phone number: 843-5117 
Email Address: dpadua@email.unc.edu 
Co-Investigators: Daniel Herman 
Faculty Advisor:   
Funding Source:  
 
Study Contact telephone number:  919-962-7187 
Study Contact email:  herm@unc.edu 
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_________________________________________________________________ 
  
What are some general things you should know about research studies? 
You are being asked to take part in a research study.  To join the study is voluntary.  
You may refuse to join, or you may withdraw your consent to be in the study, for any reason. 
 
Research studies are designed to obtain new knowledge that may help other people in the 
future.  You may not receive any direct benefit from being in the research study. There also 
may be risks to being in research studies. 
 
Deciding not to be in the study or leaving the study before it is done will not affect your 
relationship with the researcher, your health care provider, or the University of North 
Carolina-Chapel Hill.  If you are a patient with an illness, you do not have to be in the 
research study in order to receive health care.  
 
Details about this study are discussed below.  It is important that you understand this 
information so that you can make an informed choice about being in this research study.  
You will be given a copy of this consent form.  You should ask the researchers named above, 
or staff members who may assist them, any questions you have about this study at any time. 
 
                                    
What is the purpose of this study?  
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The purpose of this research study will be to determine the influence of strength training of 
specific muscles on lower extremity muscle activation, joint motion, and joint forces when 
performing a stop-jump task. 
 
Are there any reasons you should not be in this study? 
You should not participate in this study if any of the following apply to you: 
♦ Younger than 18 years of age or older than 30 years of age 
♦ Possess cardiovascular, respiratory, neurological, or other conditions which prevent you 
from participating at maximal effort in sporting activities 
♦ Have previously sustained an injury to your ACL 
♦ Sustained a lower extremity injury in the past 6-months that has prohibited normal 
physical activity for at least 2 weeks  
 
How many people will take part in this study? 
If you decide to participate, you will be one of approximately 60 subjects in this research 
study. 
 
How long will your part in this study last?  
Your participation in this study will last for approximately 60 minutes for the initial and final 
data collection sessions. Between these sessions you will either engage in a 12 week strength 
training protocol or not, depending on which group you are randomly selected to enter. 
  
What will happen if you take part in the study? 
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During the course of this study, the following will occur: 
 
Subsequent to consenting to enter the study, you will be given a short questionnaire in order 
to assess your ability to participate in the study. The questionnaire will ask you about your 
age, general health, sports activities, and recent strength training activities. Upon inclusion 
into the study, you will be randomly assigned to either a strength training group or a control 
group. 
 
You will report to the Center for Human Movement Science on one testing session.  You will 
be asked to wear spandex shorts, a sports bra, low-cut socks, and running shoes.  You will 
have reflective bulbs placed on your ankle, shank, knee, thigh, hips, lower back, and 
shoulders. These are designed to allow cameras to record the movement patterns of the lower 
extremity.  You will have electrodes placed over your quadriceps (front of thigh), hamstrings 
(back of thigh), and gluteal (buttocks) muscles.  An examiner of the same sex of the subject 
will be on hand to observe electrode placement on all subjects. To ensure that electrodes will 
be secured in place a small area will be shaved.  Before you perform the maneuvers you will 
be asked to ride a stationary bicycle for five-minutes, undergo a standard lower extremity 
stretching routine and perform practice trials of the stop-jump maneuver to warm-up and 
become familiar with the testing procedures.  You will be asked to perform a series of stop-
jump maneuvers.  You will also be asked to perform muscle contractions of the muscles with 
electrodes attached to them.  These muscle contractions involve flexing at your maximum 
voluntary amount against stationary resistance, as well as flexing at 30% of your maximum 
among against stationary resistance. 
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 If you were assigned to the control group, you will return approximately 12 weeks from the 
initial testing session for a follow-up testing session. During the 12 week period you will be 
required to refrain from beginning any new sporting activity or participate in any strength 
training. 
 
If you were assigned to the strength training group, you will begin a strength training 
program that will target the quadriceps (front of thigh), hamstrings (back of thigh), and 
gluteal (buttocks) muscles. Strength training sessions will occur three times a week for 
approximately 30 minutes. Each strength training session will be scheduled at least 48 hours 
apart. You will be required to participate in at least 32 of the 36 sessions and will not be able 
to miss more than one strength training session out of any group of three consecutive 
sessions. At some points (weeks 3-12) during the strength training sessions you will be using 
Therabands (i.e. large, stretchable bands of elastic) in order to increase the difficulty of the 
exercise. Towards the later stages (weeks 8-12) you will also use medicine balls to increase 
the difficulty of the exercise. All strength training sessions will be monitored by a trained 
member of the research team in order to assure that safety and proper technique is used. The 
strength training exercises involve simple leg flexion, extension, squats, and controlled trunk 
motions. 
 
What are the possible benefits from being in this study? 
Research is designed to benefit society by gaining new knowledge. The benefits to you from 
being in this study may be that the researcher will discuss your performance on the jump-stop 
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maneuver subsequent to completion of the study with you if you wish.  This information may 
help educate you on improving your athletic movements.  The benefits to society include 
gaining information researchers can analyze to understand how body positioning may affect 
performance and injury risk.  This study may also aid in developing exercise programs aimed 
at injury prevention.  
 
What are the possible risks or discomforts involved with being in this study?  
This study involves jump-stop tasks and strength training exercises and might involve the 
following risks and/or discomforts to you: 
♦ Possibility of a ligament injury to the joints of your lower extremities 
♦ Possibility of muscle strains/pulls/soreness in your lower extremities 
♦ Possibility of skin irritation due to electrode preparation 
♦ There may be uncommon or previously unrecognized risks that might occur 
 
What if we learn about new findings or information during the study?  
You will be given any new information gained during the course of the study that might 
affect your willingness to continue your participation.   
 
 
 
How will your privacy be protected?   
No subjects will be identified in any report or publication about this study. Although every 
effort will be made to keep research records private, there may be times when federal or state 
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law requires the disclosure of such records, including personal information.  This is very 
unlikely, but if disclosure is ever required, UNC-Chapel Hill will take steps allowable by law 
to protect the privacy of personal information.  In some cases, your information in this 
research study could be reviewed by representatives of the University, research sponsors, or 
government agencies for purposes such as quality control or safety.    
 
What will happen if you are injured by this research? 
All research involves a chance that something bad might happen to you.  This may include 
the risk of personal injury. In spite of all safety measures, you might develop a reaction or 
injury from being in this study. If such problems occur, the researchers will help you get 
medical care, but any costs for the medical care will be billed to you and/or your insurance 
company. The University of North Carolina at Chapel Hill has not set aside funds to pay you 
for any such reactions or injuries, or for the related medical care. However, by signing this 
form, you do not give up any of your legal rights. 
 
What if you want to stop before your part in the study is complete? 
You can withdraw from this study at any time, without penalty.  The investigators also have 
the right to stop your participation at any time. This could be because you have had an 
unexpected reaction, or have failed to follow instructions, or because the entire study has 
been stopped. If you should withdraw from the study during the strength training component, 
you will be paid for your participation in the strength training component on a pro-rated 
basis. 
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Will you receive anything for being in this study? 
You will be paid for your participation in this study at the following levels: for the control 
group, you will be paid $10 for completion of the initial testing session and $20 for 
completion of the follow-up testing session 12 weeks later. For the strength training group, 
you will be paid $10 for completion of the initial testing session and $20 for completion of 
the follow-up testing session 12 weeks later; additionally, you will be paid $40 for 
completion of the 12 week strength training protocol.  
 
Will it cost you anything to be in this study? 
There will be no costs to you for participating. 
 
What if you are a UNC student? 
You may choose not to be in the study or to stop being in the study before it is over at any 
time.  This will not affect your class standing or grades at UNC-Chapel Hill.  You will not be 
offered or receive any special consideration if you take part in this research. 
 
What if you are a UNC employee? 
Taking part in this research is not a part of your University duties, and refusing will not affect 
your job.  You will not be offered or receive any special job-related consideration if you take 
part in this research.   
 
Who is sponsoring this study? 
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This research may be funded by the National Athletic Trainers Association.  This means that 
the research team is being paid by the sponsor for doing the study.  The researchers do not, 
however, have a direct financial interest with the sponsor or in the final results of the study. 
 
What if you have questions about this study? 
You have the right to ask, and have answered, any questions you may have about this 
research. If you have questions, or if a research-related injury occurs, you should contact the 
researchers listed on the first page of this form. 
 
 
What if you have questions about your rights as a research subject? 
All research on human volunteers is reviewed by a committee that works to protect your 
rights and welfare.   If you have questions or concerns about your rights as a research subject 
you may contact, anonymously if you wish, the 
 
Biomedical Institutional Review Board at 919-966-1344 or biomed_irb@unc.edu  
 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
 
Subject’s Agreement:  
 
I have read the information provided above.  I have asked all the questions I have at this time.  
I voluntarily agree to participate in this research study. 
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 _________________________________________   _________________ 
Signature of Research Subject     Date 
 
_________________________________________ 
Printed Name of Research Subject 
 
_________________________________________  _________________ 
Signature of Person Obtaining Consent   Date 
 
_________________________________________ 
Printed Name of Person Obtaining Consent 
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APPENDIX E: Chatillon CSD300 vs. CSD400 
 
 
 
CSD300 Dynamometer vs CSD400 Dynamometer
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APPENDIX F: EMG Electrode Placement 
 
 
Gluteus Maximus: Placement is on the muscle belly parallel to the muscle fibers 50% from 
the superior aspect of the gluteal crease to the femoral greater trochanter. 
 
Gluteus Medius: Placement is on the muscle belly parallel to the muscle fibers 50% from the 
femoral greater trochanter to the iliac crest. 
 
Rectus Femoris: Placement is on the muscle belly parallel to the muscle fibers 60% from the 
superior aspect of the patella to the anterior superior iliac spine. 
 
Vastus Lateralis: Placement is on the muscle belly parallel to the muscle fibers 20% from the 
lateral knee gap to the anterior superior iliac spine. 
 
Semitendinous/Semimembranous: Placement is on the muscle belly parallel to the muscle 
fibers 60% from the lateral knee gap to the medial gluteal fold. 
 
Biceps Femoris: Placement is on the muscle belly parallel to the muscle fibers 60% from the 
lateral knee gap to the lateral gluteal fold.
 154
APPENDIX G: Strength Training Equipment 
 
Quadriceps Exercise Equipment 
        
Resistance bands were pre-cut and tethered together using hose clamps. A bundle of 
resistance bands appropriate for the subject were attached to the sports bar which the subject 
would hold with their hands at the lower back/upper buttocks.  A custom-made extremity 
strap with a cushioning sleeve was attached to the resistance bands and would clip around the 
subject’s leg just proximal to the ankle. 
 
Hamstrings Exercise Equipment 
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Resistance bands were pre-cut, fitted with TheraBand extremity straps, and then were 
attached to the resistance bands tethered together using hose clamps. Two bundles of 
resistance bands appropriate for the subject were attached to ends of the sports bar which 
would be held by the subject’s training partner.  The subject would then attach the 
TheraBand extremity straps around their legs just proximal to the ankle. 
 
Gluteus Medius/Maximus Exercise Equipment 
  
Resistance bands were pre-cut and tethered together using hose clamps. A bundle of 
resistance bands appropriate for the subject was attached to a custom-made extremity strap 
with a cushioning sleeve that would clip around the subject’s leg just proximal to the knee.  
A second custom-made extremity strap would clip around the subject’s training partner’s leg 
just proximal to the ankle (gluteus maximus exercise) or would be held in place by the 
partner’s foot via body weight (gluteus medius exercise). 
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APPENDIX H: MVIC Testing Reliability 
 
Isometric strength will be assessed for the hamstrings, gluteus maximus, gluteus medius, and 
quadriceps. For each muscle, the peak force measurement from two 5 second trials is 
averaged.  Research investigating the inter-rater reliability of each strength measure has been 
performed previously in the laboratory by having two separate testers assess the peak force 
for each muscle group tested on 16 subjects (8 males and 8 females). Intra-class correlation 
coefficients (ICC2,1) and associated SEM values are provided based on this research. 
 
Hamstrings: Subject is placed in a prone lying position with their with their test leg in 90° of 
knee flexion. The dynamometer is placed over the posterior aspect of the subject’s shank, just 
proximal to the ankle joint. The subject is instructed to flex their knee with maximal effort. 
(ICC = .77, SEM = 22.78 N) 
 
Gluteus Maximus: Subject is placed in a prone lying position with their test leg in 90° of 
knee flexion. The dynamometer is placed over the posterior aspect of the subject’s thigh, just 
proximal to the knee joint line. The subject is instructed to extend their hip with maximal 
effort while keeping their knee in the flexed position. (ICC = .73, SEM = 98.95 N) 
 
Gluteus Medius: Subject is placed in a side lying position with their test leg in neutral hip 
extension and aligned parallel with their torso. The dynamometer is placed over the lateral 
aspect of the subject’s thigh, just proximal to the knee joint line. The subject is instructed to 
abduct their hip with maximal effort. (ICC =.98, SEM = 20.15 N) 
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 Quadriceps: Subject is placed in a seated position with their test leg in 90° of knee flexion. 
The dynamometer is placed over the anterior aspect of the subject’s shank, just proximal to 
the ankle joint. The subject is instructed to extend their knee with maximal effort. (ICC = .80, 
SEM = 58.49 N) 
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APPENDIX I: MVIC Testing Procedure Description 
 
1) Quadriceps: The subject was seated with their hips and knees at 90 degree angles and their 
shank perpendicular to the ground. The dynamometer was applied to the subject’s lower 
anterior tibia just proximal to the ankle joint.  The subject was instructed to “kick out” 
(extend) their leg at the knee as hard as they could. 
 
2) Hamstrings: The subject was seated with their hips and knees at 90 degree angles and their 
shank perpendicular to the ground. The dynamometer was applied to the subject’s lower 
posterior shank just proximal to the ankle joint.  The subject was instructed to “curl” (flex) 
their leg at the knee as hard as they could. 
 
3) Gluteus Medius: The subject lay down on the floor in a straight side-lying position on their 
non-dominant side.  The dynamometer was applied to the subject’s lower lateral thigh just 
proximal to the knee joint.  The subject was instructed to lift (abduct) their leg at the hip as 
hard as they could. 
 
4) Gluteus Maximus: The subject stood with their feet shoulder-width apart, legs 
perpendicular to the ground, and trunk bent at the waist to 90 degrees.  A table was used for 
support of the subject’s trunk. The subject was then instructed to “bend” (flex) their leg at the 
knee to 90 degrees.  The dynamometer was applied to the subject’s lower posterior thigh just 
proximal to the knee joint.  The subject was instructed to “kick back” (extend) their thigh at 
the hip as hard as they could while maintaining the same degree of knee flexion. 
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APPENDIX J: Subject Retro-Reflective Marker Placement  
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APPENDIX K: The Stop-Jump Task 
 
 
 
Landing Takeoff Approach Run 
Stance Phase 
Landing 
phase 
Takeoff phase
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APPENDIX L: Warm-up Exercise Description 
 
 
Description: Prior to each strength training exercise session for the duration of the protocol, 
all subjects will undergo a brief warm-up and stretching protocol. The exercises for this 
protocol are shown below. The entire protocol will approximately 3 to 5 minutes. 
 
Forward Walking Lunge 
Muscle Activation: Hip Flexors/Hip Extensors/Plantar Flexors/Dorsiflexors 
 
 
Walk on Balls of Feet 
Muscle Activation: Plantar Flexors/Dorsiflexors 
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Shuffle 
Muscle Activation: Hip Abductors/Hip Adductors 
 
 
High Knee Pull 
Muscle Activation: Hip Flexors/HipExtensors/Plantar Flexors/Dorsiflexors 
 
 
Tin Solider 
Muscle Activation: Hip Flexors/Plantar Flexors/Dorsiflexors 
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Russian Walk 
Muscle Activation: Hip Flexors/Hip Extensors/Plantar Flexors/Dorsiflexors 
 
 
 
High Knee Skipping 
Muscle Activation: Hip Flexors/Extensors/Plantar/Dorsiflexors/Hip Adductors/Hip 
Abductors 
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Hurdle Walk 
Muscle Activation: Hip Flexors/Extensors/Plantar/Dorsiflexors/Hip Adductors/Hip 
Abductors 
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APPENDIX M: Resistance Exercise Description 
 
Description: Subjects will begin their resistance at 60% of their individual MVIC strength 
assessed at baseline. Subjects will have a target of three sets consisting of eight to twelve 
repetitions each. Once the subject is able to reach the goals for each set while maintaining 
proper technique, the resistance will be increased by 10% of the subject’s MVIC strength. 
Therabands of differing strengths will provide the resistance, and Theraballs will provide a 
base of support when needed.  This program will last nine weeks (27 sessions total). 
 
Side-lying Leg Abduction Exercise 
Purpose: Activate the gluteus medius 
Instruction: Attach a Theraband(s) of appropriate resistance (initially 60% of your 1RM) to 
your thigh just proximal to the knee. Lie on your left side in a straight line (shoulder, hip, 
knee, and ankles should be aligned). Your partner will hold the other end of the Theraband at 
the ground in an orientation vertical to the ground such that there is some initial tension. Lift 
your right leg vertically (abduct) against the resistance of the Theraband to full abduction 
over the period of one second. Hold your leg there for one second while maintaining 
contraction of your gluteus medius, and then bring it back down over the period of two 
seconds. Rest for one second, and then repeat until volitional fatigue or 12 repetitions have 
been accomplished. Repeat this exercise for a total of three sets, and then repeat this exercise 
on your opposite side with your left leg. 
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Seated Leg Rotation Exercise 
Purpose: Activate the Gluteus Maximus 
Instruction: Attach a resistance band of appropriate resistance to your thigh just proximal to 
the knee. Assume a “four-legged” position with your knees and hips at approximately 90 
degree angles. Your partner will secure the other end of the resistance bands even with your 
thigh and parallel with the ground such that there is some initial tension. Extend your thigh 
while maintaining the 90 degrees of flexion at the knee against the resistance of the bands to 
your full range of motion over the period of one second. Hold your leg for one second in that 
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position while maintaining contraction of your gluteus maximus, and then return to the 
original position over a period of two seconds.  Rest for one second, and then repeat until 
volitional fatigue or 12 repetitions have been accomplished. Repeat this exercise for a total of 
three sets, and then repeat this exercise with your other leg. 
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Supine Ball-Rolling Exercise 
Purpose: Activate the hamstrings  
Instruction: Attach resistance bands of appropriate resistance to your ankles. Lie on your 
back in a straight line (shoulder, hip, knee, and ankles should be aligned). Place your heels on 
an exercise ball. Your partner will hold the sports handle at the other end of the resistance 
bands away from your body and parallel to the ground such that there is some initial tension. 
Use your legs to roll the exercise ball towards you against the resistance of the bands over the 
period of one second. Hold your legs for one second in that position while maintaining 
contraction of your hamstrings, and then roll the exercise ball back away from your body 
over the period of two seconds until you reach your original position. Rest for one second, 
and then repeat until volitional fatigue or 12 repetitions have been accomplished. Repeat this 
exercise for a total of three sets.   
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Supine Leg Extension Exercise 
Purpose: Activate the Quadriceps 
Instruction: Attach a resistance band(s) of appropriate resistance to your ankle. Lie on your 
back in a straight line (shoulder, hip, knee, and ankles should be aligned) and flex your knee 
to 90 degrees.  Hold the sports handle on the opposite end of the resistance band up to your 
lower back/upper buttock. Lift your lower leg against the resistance of the band over the 
period of one second until your knee is fully extended. Hold your leg for one second in that 
position while maintaining contraction of your quadriceps, and then lower your leg back 
down over the period of two seconds until you reach your original position. Rest for one 
second, and then repeat until volitional fatigue or 12 repetitions have been accomplished. 
Repeat this exercise for a total of three sets, and then repeat this exercise with your left leg. 
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APPENDIX N: Subject Survey Results on Exercise Protocol 
 
 
1) I feel that the strength training made me stronger in my     
(1=disagree through 5=agree)     
      
Quadriceps   4.64
Hamstrings   4.39
Gluteus Maximus   4.61
Gluteus Medius   4.50
      
      
2) The following is the order I would rank the exercises in terms of my 
perceived strength gains     
(1=smallest strength gains through 4=largest strength gains)     
      
Quadriceps   2.83
Hamstrings   2.06
Gluteus Maximus   2.42
Gluteus Medius   2.50
      
      
3) The following exercises were comfortable to perform      
(1=disagree through 5=agree)     
      
Quadriceps   3.61
Hamstrings   3.36
Gluteus Maximus   3.39
Gluteus Medius   4.28
      
      
4) The following was the order I would rank the exercises in terms of 
comfort      
(1=least comfortable through 4=most comfortable)     
      
Quadriceps   2.50
Hamstrings   2.06
Gluteus Maximus   2.11
Gluteus Medius   3.06
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5) If I were strength training on my own, I would have used as much 
resistance and progressed as aggressively  
(1=disagree through 5=agree)     
      
Quadriceps   3.11
Hamstrings   2.97
Gluteus Maximus   3.14
Gluteus Medius   2.75
      
      
6) I feel the strength training made a significant difference in my athletic 
performance (speed, power, etc.)      
(1=disagree through 5=agree)     
      
    3.81
      
      
7) I feel the strength training made a significant difference in how I 
move during athletic tasks      
(1=disagree through 5=agree)     
      
    3.39
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APPENDIX O: Abstract for the 2006 American College of Sports Medicine Annual 
National Conference in Denver, CO 
 
Strength Gains in Female Recreational Athletes Employing a 
Resistance Band Training Protocol 
 
Daniel C. Herman, Steve Gisselman, Paul S. Weinhold, Kevin M. Guskiewicz, William E. 
Garrett, Bing Yu, Darin A. Padua 
 
University of North Carolina, Chapel Hill, NC 
 
Reduced muscle strength is often cited as a risk factor for sports injuries. Although resistance 
bands are often employed in elderly populations and in rehabilitating athletes, their use for 
the purpose of making significant strength gains in healthy athletes has not previously been 
demonstrated. 
 
PURPOSE: To determine the level of strength gains in female recreational athletes from a 
resistance training protocol employing resistance bands. 
 
METHODS: 25 female recreational athletes (Age: 22.9±3.6 yrs., Height: 1.67±.07 m, 
Weight: 64.0±9.9 kg) were enrolled after gaining IRB-approved informed consent. The 
subjects’ maximum voluntary isometric contraction (MVIC) strength of the quadriceps (Q), 
hamstrings (H), gluteus medius (MED), and gluteus maximus (MAX) were assessed using a 
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hand-held dynamometer. The resistance training protocol lasted 6 weeks with 3 training 
sessions per week lasting approximately 40 minutes each. The protocol employed 4 exercises 
targeting the Q, H, MED, and MAX muscles, and was designed such that it could be 
employed in a team practice setting. The subjects began the protocol employing resistance 
bands equivalent to 60% of their MVIC at 100% elongation. The subjects were progressed by 
10% of their MVIC once the goal of 3 sets of 12 repetitions was met. A metronome was used 
to maintain a contraction speed of 90 degrees per second. All sessions were monitored to 
ensure proper technique, progression of resistance, and compliance. The subjects’ strength 
was then re-assessed after completion of the protocol. Dependent t-tests (α=.05) were 
employed to determine statistical significance. 
 
RESULTS: The Q (6.88±1.23 vs. 4.82±1.11 N/kg, p<.001), H (3.85±.60 vs. 2.95±.51 N/kg, 
p<.001), MED (6.40±.82 vs. 4.51±.96 N/kg, p<.001), and MAX (4.77±.70 vs. 3.18±.56 N/kg, 
p<.001) muscles increased in MVIC strength subsequent to the resistance training protocol. 
 
CONCLUSION: Resistance bands may be effectively employed to significantly increase 
strength in healthy female recreational athletes. These results may lead to simple and cost-
effective resistance training programs that may be employed as a regular component of team 
practices in the field without the need for specialized equipment or storage. 
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APPENDIX P: Mock of Internal Mean Peak Normalization vs. MVIC Normalization 
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Mean Peak Value, Trial 1 = 4 
Mean Amplitude, Trial 1 = 1.78 
Mean Peak Value, Trial 2 = 8 
Mean Amplitude, Trial 2 = 3.56 
MVIC Mean Amplitude = 8 
 
  Internal Mean Peak Normalized EMG Amplitude MVIC Normalized EMG Amplitude 
Trial 1 0.44 0.22 
Trial 2 0.44 0.44 
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APPENDIX Q: Abstract for the 2006 Gender Bias in ACL Injury Retreat in Lexington, 
KY 
 
THE EFFECTS OF STRENGTH TRAINING ON THE NEUROMUSCULAR 
CHARACTERISTICS OF A STOP-JUMP TASK IN FEMALE RECREATIONAL 
ATHLETES 
 
Daniel C. Herman*, Paul S. Weinhold* *, Kevin M. Guskiewicz , William E. Garrett†, Bing 
Yu* * , Darin A. Padua
*University of North Carolina, Chapel Hill, NC;  †Duke University, Durham, NC 
 
INTRODUCTION: Previous research has shown that females exhibit altered neuromuscular 
characteristics at the knee and adjacent joints compared to males during athletic tasks; 
furthermore, these differences have been shown to increase the load and deformation of the 
anterior cruciate ligament (ACL). ACL injury prevention protocols employing various 
combinations of proprioception, balance, plyometric, strength, and technique training have 
previously shown positive ACL injury prevention effects; however, little is known about the 
relative contributions of these various training components to ACL injury prevention. 
Furthermore, little is known about how these protocols alter the specific movement patterns 
and loading properties associated with ACL injury.  Due to the incidence, cost, and long-term 
disability of ACL injury, it is important to understand the relative contribution and 
importance of each component in injury prevention protocols to develop maximal efficiency 
and effectiveness. This research focuses on the role of strength training, which is a common 
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modality in intervention protocols, in altering neuromuscular characteristics. We hypothesize 
that a strength training protocol focusing on the knee and hip musculature will alter the 
baseline neuromuscular characteristics in female subjects during the landing phase of an 
athletic task (the stop-jump) that is associated with ACL injury. 
 
METHODS: Three-dimensional videography, force plate, and maximum voluntary isometric 
contraction (MVIC) dynamometry data were collected for 11 healthy female recreational 
athletes (Age: 24.8±2.7 yrs. Height: 1.65±.07m Weight: 63.8±11.4 kg) before and after 
completing a 6-week strength training protocol.  The strength training protocol lasted 6 
weeks with 3 training sessions per week lasting approximately 40 minutes each. The protocol 
employed 4 exercises targeting the quadriceps, hamstrings, gluteus medius, and gluteus 
maximus. All sessions were monitored to ensure proper technique, progression of resistance, 
and compliance. Kinetic and kinematic parameters at the knee and hip were estimated using 
an inverse dynamic procedure instrumented in a MS3D computer program package. 
Dependent sample t-tests (α=.05) were employed to determine statistical significance. 
 
RESULTS: The quadriceps, hamstrings, gluteus medius, and gluteus maximus muscles 
increased in MVIC strength subsequent to the strength training protocol (p<.001 for all 
muscles). Knee anterior shear force (p=.026) decreased and hip abduction angle (p=.005), hip 
abduction moment (p=.034), and hip flexion moment (p=.009) increased subsequent to the 
strength training protocol. 
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DISCUSSION: The increased muscular strength about the knee and hip we observed may act 
to help stabilize the knee joint during landing. Decreased anterior knee shear force and 
increased hip flexion moment may allow subjects to adopt a more controlled landing strategy 
rather than using a “ligament dominant” landing strategy. Furthermore, increased strength 
may allow for an “amplification effect” of other ACL injury prevention modalities by 
providing the physical capacity for altered motion patterns. 
 
CONCLUSIONS: The results indicate that a 6 week single-modality intervention using 
strength training can positively alter critical neuromuscular characteristics in female 
recreational athletes.  Ultimately, this research will help to provide clinicians with a 
foundation on which to design effective ACL injury prevention protocols. 
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APPENDIX R: Abstract for the 2006 National Athletic Trainers Association Annual 
National Conference in Atlanta, GA 
 
The Effects of Strength Training on the Neuromuscular Characteristics of a Stop-Jump Task 
in Female Recreational Athletes 
   Herman DC, Weinhold PS, Guskiewicz KM, Garrett WE, Yu B, and Padua DA: University 
of North Carolina, Chapel Hill, NC 
 
 
Objective: To examine the effects of strength training on muscle strength and lower 
extremity joint kinematics and kinetics during a stop-jump task. Design and Settings: A 
randomized controlled experimental design was used and all data were collected in a research 
laboratory.  Subjects performed 5-stop-jump tasks and 3-maximum voluntary isometric 
contraction (MVIC) tasks before and after completing either a 9-week strength training 
program combined with normal recreational activities (intervention) or 9-weeks of normal 
recreational activities alone (control). The intervention program employed strength training 
exercises using resistance bands that targeted the quadriceps, hamstrings, gluteus medius, and 
gluteus maximus. Subjects: A total of 30 females who were healthy, recreational athletes 
were randomly assigned to either the intervention (n=18, age=24.2±3.0 yrs, ht=1.65±.06 m, 
wt=62.1±9.8 kg) or control (n=12, age=21.4±3.6 yrs, ht=1.67±.05 m, wt=62.5±6.4 kg) group 
A recreational athlete was defined as a person who competes one to three times per week in 
sports events that regularly require stop-jump tasks, or as a person who competes at least 
once a month and was a high school varsity athlete in sports events that regularly require 
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stop-jump tasks. Measurements: Three-dimensional videography was used to record 
kinematic data and force plates were used to record kinetic data during the stop-jump task.  A 
hand-held dynamometer was used to collect the MVIC strength data.  Dependent variables 
included knee anterior shear force (K-ASF); knee flexion, hip flexion, knee valgus, and hip 
adduction joint angles and angular velocities at K-ASF; and knee extension, hip extension, 
knee valgus, and hip adduction moments at K-ASF. MVIC strength for hamstrings, gluteus 
medius, and gluteus maximus was also assessed. Statistical analyses were performed using a 
2 [group] X 2 [time] repeated-measures ANOVA (α<.05).  Tukey-HSD analyses were 
performed to investigate significant interactions. Results: The quadriceps, hamstrings, 
gluteus medius, and gluteus maximus muscles of the intervention group increased in MVIC 
strength subsequent to the strength training protocol (p<.001 for all muscles). Knee anterior 
shear force (.53±.20 BW vs .39±.20 BW, p=.015), knee extension moment at K-ASF 
(.21±.05 BW*BH vs. .16±.06 BW*BH, p=.003), and knee flexion angular velocity at K-ASF 
(8.48±2.36 degrees/sec vs. 7.34±2.31 degrees/sec, p=.025) decreased in the intervention 
group subsequent to the strength training protocol. Conclusions: The results indicate that a 9-
week strength training intervention can alter neuromuscular characteristics in female 
recreational athletes. This research may ultimately provide clinicians with a foundation on 
which to design effective and efficient ACL injury prevention programs. 
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